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One of the most important results achieved from the scientific investigation of solids in the 
last decade is undoubtedly the development of ferromagnetic materials for use at high frequencies. 
Readers of this journal will already have gathered much about the application of these materials. 
An article devoted to this subject some years ago had of necessity to be relatively brief because 


the materials in question were then still in course of development. Now that this development 


work has been almost completed, it is possible to discuss these new ferromagnetic materials 


at greater length. 


Introduction 


The ferromagnetic materials to be dealt with 
in this article, and now known under the trade name 
of “Ferroxcube”’, arose from the need to avoid 
the losses occurring at high frequencies in the ferro- 
magnetic metals hitherto commonly used. There 
are various physical causes of these losses, viz: 
1) the occurrence of eddy currents, 

2) the hysteresis phenomenon, 

3) the so-called ferromagnetic resonance absorp- 
tion ') and possibly other mechanisms. 

The losses to be attributed to these causes are called 

the eddy-current losses, the hysteresis losses 

and the residual losses respectively. 

The magnitude of the losses arising in the ferro- 
magnetic core of a coil when a (weak) alternating 
current flows through it, is represented in practice 


by the so-called loss factor ”) 


ss hat 
> 


*) At eietent of N.V. Kema, 


AR 
fxfL’ 
where AR is the equivalent resistance which (con- 


nected in series with the coil) would cause a loss 
equal to the losses arising from the ferromagnetic 


material, yu, is the relative magnetic permeability 


Arnhem (Netherlands). 


1) See H. G. Beljers and J. L. Snoek, Philips Techn. Rev. 


11, 313, 1949. 
2) See J. L. Snoek, Philips Techn. Rev. 8, 353, 1946. 


of the ferromagnetic material (wu = [Myo °)), f the 
frequency of the alternating current and L the 
inductance of the coil with core. In the case of a 
ring coil L = pyLy, where Ly is the inductance of 
the coil without core. The significance of the loss 
factor becomes clear when it is written in the form: 


AR 27% AR: 27:1 

ioe aly iO 
where Q represents the quality of a circuit with re- 
sistance AR and inductance L. The factor 1/u, 


has been added because the loss factor so defined 
does not change when an air gap is introduced in 


the magnetic circuit. 

For the known metallic ferromagnetics it is 
customary to write this loss factor in the following 
form: 


AR 
bof L 


where C, and Cy are constants, namely the eddy- 
current constant and the hysteresis constant. The 


= Cef + Ch Bmax + G, (1) 


term C, represents the residual losses, which could 
be attributed to the causes mentioned under (3) 


3) In the system of rationalized Giorgi units used here the 
permeability of vacuum is fy) = 47/10’ H/m and the dielec- 
tric constant of vacuum € = 107/4zc? F/m. 


. 


182 


above. Bmax is the peak value of the magnetic in- 
duction. In a well-conducting ferro-magnetic mate- 
rial the eddy-current term appears to contribute 
by far the most to the loss factor at high frequencies, 
the more so since as a rule for use at high frequen- 
cies small values of Bmax suffice. For a plate of 
thickness D which is magnetized in a direction paral- 
lel to its plane, and assumed to be homogeneous 
and isotropic with respect to permeability, the 
eddy-current constant C, assumes the following 
form: 

70744 D® 


Cy 2 Ca ee 


a (2) 


where @ is the resistivity of the ferromagnetic ma- 
terial. It is seen that instead of using a solid core 
it is advantageous to build up the core from a large 
number (n) of insulated thin plates with thickness 
D/n, which has led to the use of laminated cores. 
In fact, for a core with total thickness D constructed 
inthis: way the eddy-current constant is a factor 
1/n smaller than that for a solid core of the same 
material and the same dimensions. The higher 
the frequency for which the core is to be used, 
the thinner the laminations should be. Rolling 
very thin sheets, however, is an expensive process 
and therefore at high frequencies powder cores 
are used, consisting of minute, insulated particles 
with a diameter of about 5 microns. But the use 
of these powder cores has great disadvantages, 
since the core is not homogeneously filled with 
the ferromagnetic material. The magnetization 
is therefore not uniform throughout, and as a 
result there is a loss of “effective” permeability 
and the losses mentioned are increased *). 

These disadvantages led to the search for a ferro- 
magnetic core material with such a high specific 
resistance 9 as to make the eddy-current losses 
negligible (see eq. (2)), even when the material is 
used in a homogeneous form, i.e. neither laminated 
nor in powder form. For this reason ferromagnetic 
oxides have been developed, and those that are of 
technical importance have come to be known under 
the name of Ferroxcube. In conformity with the 
requirement for their development, these materials 
usually have such a high resistivity that the eddy- 
current losses become negligible. This does not 
imply, however, that no losses at all occur in Ferrox- 
cube materials, but only that the losses which 


_ occur in them are mainly to be classified as hystere- 


sis and residual losses. The residual losses (term 


4) See the article quoted in note ?).— When the particles are 
very small also the “intrinsic” permeability of the particles 
is smaller; see L. Néel, C. R. Paris 224, 1550, 1947. 
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C, in eq. (1)) are a function of frequency (see note ”)). 

With a certain frequency and a certain maximum 
value of the induction it can be ascertained (for 
instance by measuring the hysteresis curve) what 
part of the total losses is due to hysteresis. It is not, 
however, possible — and this should be borne in 
mind right from the beginning — to apply this 
separation in such a general manner as is expressed 
in formula (1). If this formula were nevertheless 
applied to Ferroxcube materials it would be 
found that the coefficient C, is also frequency 
dependent, whilst the term C, depends on the in- 
duction as well as on the frequency. As will be 
shown. farther ‘on, however, the total loss arising 
from the ferromagnetic material can be expressed 
in a useful manner. 

This article will now deal with the following 
points: the chemical composition and the crystallo- 
graphic structure of the Ferroxcube materials and, 
in connection therewith, the saturation magnetiza- 
tion °), which is of fundamental importance for the 
ferromagnetism; the behaviour of Ferroxcube ma- 
terials in weak fields, attention being directed to the 
magnetic losses and permeability (also as a function 
of temperature), which is of the utmost importance 
for practical applications; the behaviour of these 
materials in strong fields, attention again being 
paid to permeability and losses. Finally something 
will be said about the exceptional dielectric 
properties of Ferroxcube materials which under 
certain circumstances may lead to additional losses. 


Composition and preparation of the ferrites 


As far as their chemical composition is concerned 
Ferroxcube materials belong to the group of fer- 
rites with the composition Me**Fe3*O,, where 
Me** is a symbol for a divalent metal. In particular 
all Ferroxcube materials are cubic ferrites, with 
the same crystal structure as Fe,0,, which is also 
the structure of the mineral spinel (MgAl,0,) and 
is therefore called the spinel structure *). Ferrites 


5) As is presumably known, a ferromagnetic material in the 
non-saturated state is divided into Weiss domains. Within 
each domain the material is spontaneously magnetized 
and the order of magnetization equals the saturation magne- 
tization corresponding to the temperature in question. 
The fact that the magnetization of the material as a whole 
differs from the saturation magnetization is due to the 
differences in direction of the magnetization in the various 
domains. The term saturation magnetization, without 
any further definition, is to be understood here as the 
value of the magnetization in sufficiently strong fields at 
a temperature of 0 °K; it is thus equal to the spontaneous 
magnetization at that temperature. (The values quoted 
in this article are those measured at the temperature of 
liquid nitrogen, but the resultant error is not of great 
consequence. ) 

°) See also: E. J. W. Verwey, P. W. Haaijman and E. L. 
Heilman, Philips Techn. Rev. 9, 185, 1947. 
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may be imagined as being derived: from Fe,0, 
by replacing the divalent ferrous ions by one or 
more divalent metal ions, e.g. Mn, Co, Ni, Cu, Mg, 
Zn or Cd. 

Ferrites are usually prepared by a sintering pro- 
cess such as commonly employed in the ceramic 
industry. The component metal oxides are mixed, 
ground, usually pre-sintered and ground again, 
finally compressed into the desired shape with the 
necessary binders and sintered at a high temperature. 
This sintering is accompanied by a certain amount 
of shrinkage, which has to be allowed for when de- 
termining the dimensions of the mould. In the final 
sintering process the atmosphere plays a large part 
in determining the degree of oxidation of the pro- 
duct, which is of great importance. It is also pointed 
out that this sintering process does not yield an 
absolutely solid material but a product containing 
a small volume percentage of voids. 


Crystal structure of the ferrites 


As already remarked, Ferroxcube materials with 
the chemical composition Me**Fe}*O, crystallize 
with the spinel structure. This structure may be 
described as follows (see fig. 1). The large oxygen 


Fig. 1. The unit cell of the spinel lattice. The large spheres 
are oxygen ions, the small hatched spheres ions in octahedral 
sites, the small non-hatched spheres ions in tetrahedral sites. 
Only in two of the eight octants forming the unit cell have 
all the ions been drawn. There are twice as many ions in octa- 
hedral sites as in the tetrahedral ones. 


ions form, to a very good approximation, a cubic 
close-packed structure of spheres. The small divalent 
and trivalent metal ions are found in the small 
interstices between the large oxygen ions. In a 
close packing of spheres there are two kinds of 
interstices, one being surrounded by four oxygen 
ions, the so-called tetrahedral sites, the other 
by six oxygen ions, the octahedral sites. In 
the spinel structure twice as many octahedral 
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as tetrahedral sites are occupied. A very important 
point is the distribution of the various metal ions 
among the crystallographic sites available. The 
fact that there are several possibilities in regard 
to this distribution was first demonstrated by 
Barth and Posnjak 7). This was further investi- 
gated in connection with ferrites by Verwey and 
Heilmann ®), with the following result: 

In the case of the so-called “normal” spinels the 
divalent metal ions occupy the tetrahedral sites, 
whilst all octahedral sites are occupied by the tri- 
valent metal ions. This arrangement is found, with 
some minor deviations, for Zn and Cd ferrites. All 
other known simple ferrites (those containing only 
one kind of divalent metal ions) are said to be in- 
verted, since the divalent metal ions are situated 
entirely (or mainly) in octahedral sites, while the 
trivalent ions occupy for one half the remaining 
octahedral sites and for the other half the tetra- 
hedral sites. 


Saturation magnetization 


Single ferrites 


The value of the spontaneous magnetization 
(saturation magnetization) differs for the various 
ferrites. It is zero for zinc and cadmium ferrites, 
i.e. these two ferrites (the only simple ferrites which 
are not inverted; see above!) are not ferromagnetic. 
All other ferrites are ferromagnetic. 

It has now been found that the value of the sa- 
turation magnetization of Ferroxcube materials 
can be related to the crystal structure described, 
in particular to the distribution of the ions among 
the two crystallographic sites available in the 
spinel lattice. 

It should first be mentioned that for the ferro- 
magnetic metals it has hitherto not been possible 
to derive a theoretically calculated value for the 
saturation manetization agreeing with the values 
found. For ionic compounds such as those with 
which we are concerned here, one would in prin- 
ciple expect this to be possible, since it is known that 
in paramagnetic salts in which the same ions occur 
a certain magnetic moment can be ascribed to each 
ion. It is reasonable to assume that the magnetic 
moment of a certain ion in a ferromagnetic ionic 
compound, in our case a ferrite, is equal to that in 
a paramagnetic salt. Assuming, moreover, that all 
magnetic ions fully contribute towards the magneti- 
zation (i.e.that at a temperature of 0 °K the magnetic 


7) T. F. W. Barth and E. Posnjak, Z. Krist. 82, 325, 1932. 
8) E. J. W. Verwey and E, L, Heilmann, J. chem. Phys. 
15, 174, 1947. 
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moments of all ions are parallel), it should be 
possible to calculate the saturation magnetization 
of our ferrite expressed in Bohr magnetons per 
“molecule” Me**Fe3*O, by adding the moments 
of the ions present. 

The values found experimentally, however, are 
much smaller than those obtained by such a calcu- 
lation; see table I, columns 4 and 6. 


PHILIPS TECHNICAL REVIEW 


Special consideration has to be given to cases 
such as, for instance, that of zinc ferrite, where 
the tetrahedral sites are exclusively occupied by 
non-magnetic Zn ions. Here no interaction can 
occur between magnetic moments on different lat- 
tice sites, such as governs the situation described 
above. The only magnetic interaction likely to 
occur in this case is that between the ferric ions 


Table I. The magnetic moments of various ferrites at saturation Ms, expressed in the number 


of Bohr magnetons per molecule °). 


Tons in 


Tons in | 
Ferrite tetrahedral octahedral Me ot = Broce Mot ate, ee 
sites sites 
ferrous ferrite Feet (Fe” *Fe3,) (44+5)+5=14 | (445)-5= 4] 4.2 
manganese ferrite Fe>+ (Mn? *+Fe’ +) (5+5)+5=15 (5+5)—5= 5 5.0 
nickel ferrite Fe’ + (Ni?+Fe? +) (2+5)+5=12 | (2+5)-5= 2 2.3 
zine ferrite Zn” + (Fe’ + Fe’ +) (5+5)+0=10 | (5+5)—0=10 0 
Column 1 2 3 4 5 ae 8 


The explanation for this discrepancy has been 
given by Néel 1°), who assumes that a magnetic 
dipole on a tetrahedral site has a strong tendency 
to align itself in anti-parallel orientation to the 
dipoles in adjacent octahedral sites. A similar, 
through less pronounced, interaction takes place 
also between magnetic moments in one and the 
same kind of lattice site. 

These assumptions have, among others, the fol- 
lowing consequences 1"): 

The magnetic moments in sites of one kind have 
parallel orientation and the total magnetization 
of the ions in the octahedral sites is anti-parallel 
to that of the ions in the tetrahedral sites, since 
all “tetrahedral neighbours” of a certain “octahe- 
dral moment” will be anti-parallel to that moment. 
All octahedral neighbours of the tetrahedral mo- 
‘ments will in turn be anti-parallel to the latter, 
i.e. they will be parallel to the dipole in the octa- 
hedral 
magnetization of the whole domain will therefore 


site considered first, and so on. The 


be equal to the difference of the partial mag- 
netizations of the dipoles in the octahedral and the 
tetrahedral sites, this being approximately in 
agreement with the values found experimentally 
(table I, columns 5 and 6). 


®) From the values given in column 6 one can find the satura- 
tion polarization in Wb/m? by multiplying those values 
by 7.0 times the apparent density in g/cm® (table III, 
column 2) divided by the molecular weight in grammes. 
The saturation polarization J; in Whb/m? equals the sa- 
turation magnetization M, in A/m multiplied by jy. 

10) L. Néel, Ann. Physique 3, 137, 1948, 

11) For a more extensive treatise in connection with these 
assumptions see the article quoted in note 1°), 


in the octahedral sites themselves. Such an inter- 
action tends to make the number of anti-parallel 
pairs of neighbours as large as possible. If each 
magnetic moment bas only anti-parallel nearest 
neighbours then the apparent total magnetization 
will be zero, as is indeed found to be the case with 
zinc ferrite. For the complicated spinel lattice, it 
is true, it is not easy to imagine a condition where 
all the nearest neighbours of an ion have moments 
anti-parallel to it. Yet here, too, an arrangement 
is feasible whereby the total magnetization is zero. 
The resulting moment will of course also be zero 
ions in 
octahedral sites is negligibly small and thus all 
magnetic moments 


if the interaction between the ferric 


have random orientation. 
Mixed ferrites 


The ferrites known as Ferroxcube are for the 
greater part mixed crystals of two or more single 
ferrites and as such are denoted here as “mixed 
ferrites’. The most important of these are the 
MnZn ferrites (Ferroxcube III) and the NiZn 
ferrites (Ferroxcube IV). 

Examination by X-ray diffraction shows that 
the Zn ions in these mixed ferrites occupy tetra- 
hedral sites, just as is the case of zine ferrite. The 
Mn and Ni ions occupy octahedral sites, as is the 
case for Mn and Ni ferrites. The ferric ions occupy 
the remaining tetrahedral and octahedral sites. The 
distribution may be represented symbolically by 
the formula: 


(Zn2* Feit 


1 s)eenr, (Mert, Fett.) oor, Os 
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If the Zn content is small there are sufficient 
ferric ions in the tetrahedral sites to cause all the 
magnetic moments on the octahedral sites to be 
mutually parallel. As already seen, in that case 
the saturation magnetization is given by the differ- 
ence of the partial magnetizations of the two lattice 
sites. Since, owing to the presence of (non-magnetic) 
Zn ions the partial magnetization of the ions in 
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The Curie temperature of mixed ferrites 

Table II gives the Curie temperature (T,) of 
NiZn ferrites with different Zn contents. It shows 
that the Curie temperature decreases gradually 
with increasing Zn content, and such appears to 
be the case with all mixed Zn ferrites. It is therefore 
possible to produce materials with a Curie temper- 
ature as low as may be desired, in the form of 


Table If. The saturation magnetization M, in Bohr magnetons per molecule and the Curie 


temperature T’, for different NiZn ferrites. 


Ions in Tons in iy 

tetrahedral octahedral Caen M, 8 M, 8 T. 

Bee a Ts tetr. exp theor exp. in °C 

as =| = = = —— — = 
Fe; o Ni, 9 Fe; (2.3+5.0)—5.0=2.3 Hes} 0 585 
Znp 1 Feo. Nip 9 Fe, ; (2.1+5.5)—4.5=3.1 2.9 0.2 530 
Znp 3 Fey 7 Nip 7 Fe, 3 (1.7+6.5)—3.5=4.7 4.2 0.5 435 
Zny 5 Feo. Nip 5 Fe, ; (1.1+7.5)—2.5=6.1 5.0 1.1 295 
Zny 7 Feo 3 Nip 3 Fe, 7 (0.7+8.5)—1.5=7.7 3.9 3.8 85 


the tetrahedral sites will be less than that in the 
case of pure Ni ferrite (or Mn ferrite), the saturation 
magnetization of a mixed ferrite will increase with 
the Zn content (at least as long as the concentration 
of Zn ions remains small). 

This has indeed been found experimentally; see 
table II. 

Under certain circumstances the replacement of 
magnetic ions in a ferromagnetic material by non- 
magnetic ions thus increases the saturation mag- 
netization, which at first sight seems remarkable. 

The above-mentioned restriction that this in- 
crease occurs only for low Zn contents can be ex- 
plained as follows ™). For large concentrations of 
Zn ions it will happen that, at least in some small 
parts of the crystal, there are so few magnetic ions 
in tetrahedral sites that in those parts of the crystal 
the tetrahedral-octahedral interaction tending to 
give the moments on the octahedral sites a mutually 
parallel orientation is no longer capable of over- 
coming the influences, mentioned above for zinc 
ferrite, tending to give the magnetic moments either 
anti-parallel or random orientations. As a result the 
saturation magnetization is reduced (see fig. 2). 


The anti-parallel orientation of the moments makes the 
maximum saturation magnetization attainable for a ferrite 
comparatively small. Metallic iron has a saturation magneti- 
zation three times as large. Consequently, for applications 


‘where a high induction is desired and high frequencies do not 


occur, such as for power transformers, Ferroxcube is obviously 


~ less suitable. 


2) E. W. Gorter, Nature 165, 798, 1950; C. R. Paris, 230, 
192, 1950. 


mixed ferrites with a suitable zinc content. It will 
be shown that this possibility is of great practical 
value. 


Bohr magnetons 


10; 


0 
; 0,2 0,4 06 0,8 40 
Me™ Feo O4 Zn Feo O4 


Fig. 2. The saturation magnetization of mixed ferrites, plotted 
in Bohr magnetons per molecule as a function of the zinc 
ferrite content, for different mixed ferrites. The broken lines 
would represent this relationship if the ions in the tetrahedral 
sites were always able to direct the magnetic moments of 
the ions in the octahedral sites. With increasing zine content 
(in the tetrahedral sites) however the directing action 
decreases, owing to the small number of magnetic ions 
remaining in the tetrahedral sites. This accounts for the shape 
of the curves drawn, which coincide with the broken lines 
when the Zn content is zero but diverge from those lines as 
the Zn content increases. 


f 
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The behaviour described may be explained qualitatively 
in the following way. 

It is known that in a simple ferromagnetic material with 
only one kind of lattice sites the average energy of a magnetic 
moment at the Curie point due to the heat movement, kT, 
is of the same order as the average energy which would be 
required to invert a moment when starting from a state of 
complete orientation. This energy is proportional to the 
average number of nearest neighbouring sites occupied by 
magnetic ions. 

This picture is easily generalized for the case of ferrites where 
there are magnetic moments on two kinds of lattice sites, and 
thus magnetic moments with two kinds of surroundings. If 
the ratio of the number of magnetic ions on tetrahedral sites 
to the number of magnetic ions on octahedral sites is t/o 
(t + o = 1), then the order of the quantity kT, is given by 
t-E; + o-E,, where FE; and E, are the energies which, starting 
from complete orientation (T = 0 °K), would be required 
to invert respectively a moment on a tetrahedral site and a 
moment on an octahedral site. (Here all differences between 
kinds of magnetic ions and the interactions between ions in 
equivalent sites are ignored.) 

Comparing now, for instance, pure Ni ferrite Fe(NiFe)O, 
with NiZn ferrite ZnxFe,_.(Ni;_,Fe, ,,)Ou, we see that the 
energy required to invert a “tetrahedral moment’”’, E;, (to the 
approximation used here) will be the same in both cases, while 
the energy needed to invert an “octahedral moment”’, E,’, will 
be less for the NiZn ferrite than for the Ni ferrite (E,), because 
in the mixed ferrite an octahedral moment has fewer magnetic 


’ “tetrahedral neighbours’”’; the relation will be FE,’ = (1 — x)E,, 


since the average number of magnetic neighbours of an octa- 
hedral site in NiZn ferrite will be (1 — x) times the number of 
neighbours of an octahedral site in Ni ferrite. 

Finally, therefore, for the Curie temperature T, we have 
approximately in the case of Fe(NiFe)O,: 
at 
3 
and for Zn,Fe,_,(Ni,_,Fe; , .)O4: 


4 1 
kT. 3 Ey + 3 E, = 3 (E, + 2E,), 


1l—x 2 ; 
kT. 3 Ey + 3 — B= 
1—x l—x 1 
soe 


The resulting Curie temperature T, for NiZn ferrite for all 
values of x (0 < x < 1) is lower than that for pure Ni ferrite 
and decreases with increasing x (increasing Zn content) !*). 


Resistivity 

The resistivity of Fe,0, (ferrous ferrite) is about 
a factor 10° times larger than that of iron. The 
resistivity of the single ferrites derived from FeO, 
is very much larger than even this, being a factor 
of about 10" greater than that of iron. 

The relatively low value of the resistivity of Fe,O, 
can be understood by considering the crystallo- 
graphic structure described above '*). In this material 


13) For a more quantitative treatment see K. F. Niessen, 
Physica 17, 1033,.1951. 


: “4) J. H. de Boer and E. J. W. Verwey, Proc. Phys. Soc. 49, 


extra part, 59, 1937. 


—which can be written as (Fe** )tetr, (Fe? Fe’ }ocr-O2 
— ferrous ions of different valency are practically 
distributed at random among equivalent lattice 
sites, viz. among the octahedral sites. It requires 
apparently little energy to move an electron from 
a divalent ion to a trivalent one, because after this 
displacement of the electron the distribution of 
the divalent and trivalent ferric ions among the 
octahedral sites will again be arbitrary. This easy 
displacement of the electrons from divalent to 
trivalent ions means that the resistivity is low. 
In mixed ferrites containing Fe’*t ions the in- 
fluence of this mechanism, with corresponding 
reduction of the resistivity, can also be detected. 
The significance of this will be made clear below. 


Behaviour in weak fields 
Initial permeability 


In addition to the saturation magnetization 
the magnetic permeability is also of great practic- 
able importance. As a rule the highest possible 
permeability is desired. This permeability, wy, 
depends upon the strength of the field, the magnetic 
history (field strength at earlier moments) and the 
presence of a constant polarizing field. Further, 
uu is dependent upon the frequency — at least at 
high frequencies — and upon the temperature. 

In high-frequency technique materials are mostly 
used in the demagnetized state and, moreover, with 
weak fields, so that particular attention must be 
paid to the initial permeability ;. The conditions 
for which a high value can be obtained for 4 will 
now be considered. 

These conditions are: 

1) A sufficiently high value of the saturation mag- 
netization; this quantity has already been discussed 
at some length. 

2) The smallest possible amount of non-magnetic 
impurities and voids in the material. This point 
particularly needs attention in the case of ferrites 
because, as already mentioned, these are obtained 
by a sintering process, with the result that the 
maximum density is not reached and there is 
always a certain small quantity of voids. 

3) The smallest possible magnetic anisotropy. In a 
certain sense magnetic anisotropy is the cause of 
a finite (not infinitely large) permeability; the 
term magnetic anisotropy is used to denote all 
phenemona which promote magnetization in a 
certain preferential direction (possibly differing 
from point to point in the material) or which, in 
other words, obstruct magnetization in the direc- 
tion of the external magnetic field. There are three 
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factors contributing towards magnetic anisotropy: 


the crystal anisotropy, the stress anisotropy and the 
shape anisotropy. 


a) Crystal anisotropy 


From the point of view of energy it is often 
advantageous if the magnetization is oriented 
in a certain crystallographic direction. The energy 
E of each magnetic moment thus depends upon 
the angle © between its direction of orientation 
and the preferential direction in question. Thus 
a couple —dE/d@ acts upon each elementary 
magnet, tending to turn it into the preferential 
direction. It is known that in general this crystal 
anisotropy, as it is called, decreases with rising 
temperature, and considerably below the Curie 
point it may often decrease to a very small value. 
For our considerations it is not so much the absolute 
temperature T that is of importance but rather 
the (reduced) temperature relative to the Curie 
point, T* = T/T,. For a given absolute tempera- 
ture, the relative temperature T* = T/T,, which 
determines the value of the anisotropy, becomes 
higher as T, is lowered. As pointed out by Snoek, 
it is desirable to make the Curie temperature as low 
as is compatible with the purpose for which the 
material is to be used !°). (The temperatures which 
occur in the practical application must obviously 
always be kept below the Curie point.) 

By employing the method already mentioned 
for reducing the Curie point (preparation of a 
mixed Zn ferrite) it is therefore possible to. satisfy 


15) The saturation magnetization is also a function of T*, 
decreasing with increasing T* in all ferromagnetic materials 
so far known. From the fact that by raising T’* the value 
of yj is actually increased it can be concluded that in 
general the favourable effect of the decrease of the crystal 
anisotropy is greater than the adverse effect of decrease 
of the saturation magnetization. 


Table III. Some properties of different kinds of Ferroxcube. 
normal production of each material. 
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one of the conditions for the highest possible initial 
permeability jj. (See also table III, columns 4 
and 6.) This procedure is particularly effective in 
the case of Ni ferrite, since the crystal anisotropy 
of this material has been found to be much larger 
than that of Mn ferrite. 


b) Stress anisotropy 


Stresses (internal as well as external) in a ferro- 
magnetic material as a rule give rise to anisotropy. 
The magnetic moments show a preference to be 
oriented parallel to the direction of the stress o or 
in a plane perpendicular to it, according to the sign 
of the magnetostriction constant 4. The magnitude 
of this anisotropy is always proportional to the 
product jo '*), 

During the cooling of a polycrystalline material 
internal stresses are always set up in a solid sub- 
stance, partly through non-isotropic thermal ex- 
pansion and partly through other causes. The 
thermal expansion in cubic crystals is isotropic, 
and it is for this reason that all Ferroxcube materi- 
als consist exclusively of cubic ferrites. Consider- 
ing, however, the small internal stresses still re- 
maining even in a cubic material, though it may be 
cooled with the utmost care, it is endeavoured to 
keep magnetostriction small if a high initial per- 
meability is desired. 

As is the case with crystal anisotropy, magneto- 
striction usually decreases as the temperature ap- 
proaches the Curie temperature. With respect 
to magnetostriction it is therefore also desirable 
to make the Curie temperature as low as possible 1”). 


16) If the material is isotropic in respect to magnetostriction, 
the work required per cm® to cause the magnetization to 
turn over an angle gy away from the direction of the tensile 
stress o is given by E = 3/, Ao sin? 9. 

1”) See also: J. L. Snoek, New developments in ferromagnetic 
materials, Elsevier Publishing Comp., New York — 
Amsterdam 1947, 


The values apply to representative samples taken from the 


ee Saturation | Initial Cae Freq. at | Saturation | Resistivity | Dielectric 
j pparent polarization*) permea- | My 4p ‘ T w/w’ at | which magneto- | 9 for direct | constant ey’ 
Material Cay, at 20 °C in bility we dT oe SC © | 100 ke/s |tand=0.1| _ striction current ise low 
aS g/em! TOs Wh/m? Mi] Uo a in ke/s Ase 108 in Qm equencies 
| 
1114 4.93 3350 1750 + 3.7 130 0.02 300 — 1.0 1.8 
1118 4.93 4650 1245 + 0.5 160 0.01 460 — 0.5 i) yas Ub 
IIe 4.91 4750 1280 + 2.9 190 0.017 420 |between—0,5and0| 0.6 
111? 4.78 5100 806 + 4.2 Ga 0.010 830 — ll 1.0 
Me 4.90 3665 650 +9 140 0.013 1500 — 4.2 
Iv® 4.55 4170 230 +13 265 0.015 5 500 — 7.5 ? 
Ive 4.17 4030 90 +20 385 0.010 16 000 2-155 >4-104 | appr. 10 
Iv? 4.07 3550 45 +27 465 0.006 29 000 —18.5 
Ive 4.04 2460 17 +40 585 0.006 60 000 —22 
Column 1| 2 3 4 5 6 1 8 9 eet 11 


*) As is known, the saturation polarization for metallic iron is in the order of 15000 “10 Wh/m?. 
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As a matter of fact there is yet another way to 
reduce magnetostriction to a negligible value. For 
all ferrites except ferrous ferrite the magnetostric- 
tion is found to be negative. Fe,O, has a large pos- 
itive magnetostriction. Therefore by preparing 
a mixed ferrite with only a small quantity of Fe,0, 
(this means the introduction of divalent iron ions), 
using ferrites already having a small (negative) 
magnetostriction, such as My, ferrite or My Zn ferrite, 
the magnetostriction can be reduced to a negligible 
value. When applying this method of increasing 
the initial permeability it must be borne in mind, 
however, that at the same time also the resistivity 
is decreased (and with this the eddy-current 
losses); this therefore limits the amount of Fe,O, 
that can be introduced in the mixed crystal. 

The ferrites denoted by the name of Ferroxcube 
III are all MnZn ferrites with practically zero mag- 
netostriction. As a result, however, their resistivity 
is rather low, lying for the different kinds of Ferrox- 
cube III between 0.5 and 2 Qm (see table III, 


columns 9 and 10). 


c) Shape anisotropy 


A non-spherical body, even when crystal and 
stress anisotropy are absent, always has a prefer- 
ential direction of magnetization, viz. the direction 
for which the demagnetizing field is the minimum 
(i.e. the direction of its greatest dimension). 
A non-spherical void in a ferromagnetic medium 
is equivalent to a non-spherical magnetic body 
in non-ferromagnetic surroundings, in the sense 
that a preferential direction exists also for the 
apparent magnetization of that void in a ferro- 
magnetic medium, whose magnetization is opposed 
to that of the medium. This means that the magne- 
tization of the medium in which the void is situated 
will preferentially be parallel to the direction of 
the longest dimension of the void. Therefore, in 
preparing the ferrite care must be taken that the 
inevitable voids are as far as possible spherical and 
as few as possible in number. 


The temperature-dependence of permeability 


From what has been said about the crystal ani- 
sotropy and magnetostriction it follows that in 
general the initial permeability ; increases with 
rising temperature and reaches a maximum in the 
neighbourhood of the Curie temperature. The 
temperature coefficient of the initial permeability is 
therefore as a rule positive (see fig. 3 and table ITI, 
column 5). If, in addition to a very weak alternating 
field, also a constant polarizing field Hp is applied, 
then the permeability corresponding to the alter- 


1000 


nating field is the reversible permeability (rey. The 
temperature coefficient for this permeability is 
as a rule smaller than that for the initial permea- 
bility. For certain values of the polarizing field 
that coefficient may even assume negative values. 
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Fig. 3. The saturation polarization Js; and initial permeability 
mi of Ferroxcube III as functions of temperature. 


This behaviour is easily understood. The polari- 
zation J of the material as a function of H is given 
for two different temperatures by the two magneti- 
zation curves in fig. 4. When the temperature is 
raised, the normal J-“,H curve changes into the 
curve given by the broken line. The general trend 
of this latter curve is at once clear when it is borne 
in mind that with increasing temperature the sa- 
turation magnetization decreases and the initial 
permeability increases. The steeper the slope of the 
magnetization curve at the point with abscisse 
Hy, the large the permeability trey will be. 


6796) LoHp bolt 
Fig. 4. The relation between the polarization J and the field 
MoH for different temperatures. The points P and Q of the 
magnetization curves give the values of the polarization in 
the field Hp at two different temperatures T, and T, > T,. 
The reversible permeability fey for very small alternating 
fields, superimposed on Hy, increases with the slope of the 
magnetization curve at the point with abscisse Hy. It is seen 
that rey is greater at P than at Q, the temperature coeffi- 
cient of Urey being negative there, while in the case of a 
polarizing field H, = 0 it is positive. 
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Fig. 4 shows quite clearly that for the chosen value 
of Hy the quantity jiyey is smaller for the high tem- 
perature than for the low one. Thus for this value 
of Hp the temperature coefficient of rey 18 negative. 

From the foregoing it can be seen that by apply- 
ing a polarizing field of suitable magnitude the 
temperature coefficient of the permeability can be 
adjusted within wide limits, making it either 
positive or negative and even zero. 


Losses at low values of the induction 


In the introduction it was already pointed out 
that in Ferroxcube materials the eddy-current 
losses are generally negligible, owing to the high 
resistivity of these materials. Therefore only the 
have to be 
considered. It appears that for low values of 


hysteresis and _ residual losses 
the induction the hysteresis losses (which can 
be determined, for instance, from the hysteresis 
curve) usually form only a small proportion of the 
total losses measured. The residual losses, which 
in this case are therefore responsible for the greater 
part of the total losses, can be dealt with by re- 
garding the permeability » as a complex quantity: 
uw = uw’ — ju”, thus giving expression to the fact 
that the induction B comprises two components, 
one in phase with the field applied (and determined 
by mw’) and one 90° in phase behind the field 
(determined by y’’). The resulting induction B is 
therefore a certain (small) angle behind the field 
applied; the phase angle (loss angle) is given by 
tan-0 = | B's 

The loss factor accompanying the occurrence of 
a complex permeability is given by: 

AR 270k 

mf ue O 
From this it follows directly that the behaviour 
of uw’ is just as much a matter of interest as the 
behaviour of py’. 

If the ferrite has been prepared with the necessary 
care, so that the presence of voids and of foreign 
phases is avoided as far as possible and the internal 
stresses are small, then it appears that the quantity 
tan 6 at low frequencies varies but little for the 
various kinds of Ferroxcube and is always in the 
order of 0.01 (see table III column 7); y’ on the 
other hand may assume widely different values. 
For use at low frequencies a ferrite with the highest 
possible yu’ is therefore the most advantageous. 

At higher frequencies complications arise owing 
to the fact that both mw’ and mw” are frequency-de- 
pendent. This dependence upon frequency may 
roughly be described as follows (see figs 5 and 6). 
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Up to a certain critical frequency the real part ji’ 
of m is practically independent of the frequency, 
but above that it shows a definite decrease with 
increasing frequency. In the critical frequency range 
mw reaches a maximum value. 


10000 1000 
Ferroxcube I 
B,C 
| 100 
ie He 
10 
1 
1 ie Rese a 


Of 1 10 100 1000 


Mc/s 68095 


Fig. 5. The real and the imaginary parts of initial permeability, 
fy and py”, as functions of the frequency, for different kinds of 
Ferroxcube III. 


A relationship has been found to exist between 
the critical frequency and the low-frequency value 
of u’: the smaller the value of yw’, the higher is the 
critical frequency. This relationship, first found and 
interpreted by Snoek 38), is graphically illustrated 
in figs 5 and 6. 
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Fig. 6. The same as in fig. 5 but for different kinds of Ferrox- 
cube IV. 


18) J. L. Snoek, Nature 160, 90, 1947; Physica 14, 207, 1948. 
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This dependence of yw’ and w’’ upon frequency 
in the range between 1 and 200 Me/s is probably 
due to the ferromagnetic resonance absorp- 
tion, a phenomenon directly related to the fact 
that the magnetic moments in a ferromagnetic 
material are, as it were, small spinning tops with 
a certain rotational impulse. 

When such a top is subjected to a couple tend- 
ing to direct it into a certain state of equilibrium 
it will describe a precessional movement around 
the equilibrium position; the corresponding fre- 
quency will be proportional to the magnitude of 
the acting couple. The phenomenon of ferromag- 
netic resonance then arises when a magnetic alter- 
nating field is applied with a component per- 
pendicular to the equilibrium position, and when 
the frequency of that field equals the precession 
frequency of the magnetic spinning tops. When 
the acting couple arises from the presence of a 
constant external field then each top is subjected 
to the same couple and there is a rather sharply 
defined resonance frequency. The fact that the 
resonance frequency is not sharp is due to damp- 
ing. This damping, which is caused by the mutual 
interaction of the magnetic moments or of their 
interaction with the crystal lattice, also gives rise 
to the losses occurring with the resonance phenom- 
enon (the resonance absorption). 

The occurrence of a directional couple in a ferrite 
in the demagnetized state is to be ascribed to the 
magnetic anisotropy, which may have widely differ- 
ing values at different places in the material. As a 
result the spinning tops have different precession 
frequencies, and that is why with ferrites absorption 
is found to take place in a wide frequency range. 
Thus it is understood how a high initial permeabi- 
lity — which means a low magnetic anisotropy 
and therefore a weak directional couple — is ac- 
companied by a low resonance frequency, as pre- 
viously remarked. 


Behaviour in strong fields 
Permeability at high field strengths 


It has been mentioned that for most applications 
at high frequencies only weak felds are of interest, 
and on that account the initial permeability was 
the quantity with which we were primarily concern- 
ed. However, not all applications are confined to 
weak fields, and moreover it is of interest also from 
the physical point of view to know something about 
the magnetization processes taking place in the 
presence of stronger fields, of different frequencies. 

In figs 7 and 8 the magnetization curves of Fer- 
roxcube III? and IV are represented for different 


frequencies. These curves reveal the remarkable 
fact that in the case of Ferroxcube III” the per- 
meability for high field strengths is frequency- 
dependent between 50 and 500 ke/s, whereas in 
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Fig. 7. Magnetization curves of Ferroxcube IIIB for different 
frequencies. 
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the case of Ferroxcube IV° it is independent of 
frequency up to at least 1 Mc/s. With increasing 
frequency the magnetization curves for Ferrox- 
cube III® approach more and more a straight 
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Fig. 8. Magnetization curves of Ferroxcube IV for different 
frequencies. 
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line, with a slope approximately equal to the 
initial permeability. The latter quantity, as already 
seen from fig. 6, is for both materials independent 
of frequency-up to the ferromagnetic resonance 
frequency. 

It would lead us too far afield to go into this 
behaviour in every detail 19), but considering the 
great importance of a good understanding of the 
Magnetization process in ferrites it is necessary 
to note the most important conclusions to be drawn 
from the curves given in figures 7 and 8. 

It is known that the character of the magneti- 
zation curve (the J-uw,H curve) in ferromagnetic 
materials is directly dependent upon the fact that 
such a material in the demagnetized state is divided 
into Weiss domains. Within such a domain the 
magnetization has always the saturation value 
and it is orientated in a certain preferential direc- 
tion (see note °)). As a rule this preferential direc- 
tion is not the same for different domains. The do- 
mains are mutually separated by a boundary layer 
(Bloch wall) in which the magnetization changes 
direction, gradually turning away from the preferen- 
tial direction in one domain to that in another. 

For the metallic ferromagnetic materials hither 
to commonly employed the transition from the 
demagnetized state to a state of total magnetiza- 
tion differing from zero (the magnetization process) 
is imagined to be as follows. 

In the case of very weak fields magnetization 
is brought about by reversible displacements of 
the Bloch walls, the domains whose magnetization 
is orientated roughly in the direction of the field 
growing at the expense of the domains in which 
the direction of magnetization is against the field 
direction. In the presence of stronger fields these 
reversible wall displacements change into irrever- 
sible ones. Finally, in the case of even stronger 
fields, when the magnetization through wall dis- 
placements cannot increase any more, the magneti- 
zation in the domains themselves turns in the 
direction of the field. 

The picture that we have of the magnetization 
process in ferrites differs considerably from that given 
above. The magnetization in very weak fields is 
believed tc take place through rotation of the 
magnetization in the Weiss domains, and not 
through reversible wall displacements. In ferrites 
wall displacements occur only in the presence of 
stronger fields. 

This picture of the magnetization process in 
ferrites is based upon the curves given in figures 


10) H. P. J. Wijn and J. J. Went, Phys. Rev. 82, 269, 1951; 
~ and in more detail in Physica 17, 976, 1951. 
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7 and 8 together with the fact, now practically 
established, that the phenomenon of ferromagnetic 
resonance absorption originates in the rotation 
of the elementary magnets within a domain, and 
not in a wall displacement. 

From the relationship found to exist between the 
value of the initial permeability and the value of 
the ferromagnetic resonance frequency it can be 
concluded, almost with certainty, that the initial 
permeability at that frequency is determined 
exclusively by rotations. Figures 7 and 8 show 
that up to the resonant frequency the initial per- 
meability is independent of frequency. In other 
words, the initial permeability is exclusively gov- 
erned by rotations not only at the ferromagnetic 
resonance frequency itself but also at the frequen- 
cies below it. 

The reason why no wall displacements take place 
in the presence of weak fields may be understood 
when considering that, as already explained, in 
Ferroxcube materials small voids are always 
present, and it appears that such inhomogeneities 
always fix a Bloch wall to a certain extent. 
Apparently in Ferroxcube materials the walls are 
fixed by the voids at so many points that any 
(reversible) displacement or bulging of the walls 
under the influence of a weak field is so limited as to 
yield no perceptible contribution to the magnetiza- 
tion. It is only when the fields are of sufficient 
strength to release the walls from the voids that the 
magnetization process by irreversible wall disp!ace- 
ments is superimposed on the magnetization process 
by reversible rotations. The introduction of a new 
process contributing towards the magnetization 
is evident in figures 7 and 8 from the fact that with 
stronger fields the magnetization curve shows a 
deviation from the straight line. 

From the fact that in the case of some ferrites 
these deviations from a straight line disappear at 
frequencies above 200 to 500 kc/s — in this case 
the permeability above these frequencies is almost 
independent of the field strength — it may be 
concluded that obstructive mechauisms are operative 
which prevent any displacement of the walls above 


these frequencies. 


Magnetic losses at high induction values 


When the induction reaches high values the 
contribution of hysteresis losses towards the total 
losses is no longer negligible. As already explained, 
it is not possible, however, to separate the contri- 
butions of hysteresis losses and residual losses in 
a manner as expressed by eq. (1). One of the reasons 
for this lies in the frequency-dependence of the 
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magnetization curve just dealt with, as a conse- 
quence of which also the shape of the hysteresis 
loop and the magnitude of the hysteresis losses 
are dependent upon the frequency. 

Fortunately, when measuring the total magnetic 
losses it appears that a relatively simple relationship 
exists between the magnitude of these losses and 
Bmax: To find this relationship the total loss per 
cycle per m*, Wot, has to be multiplied by pu,’ 
(taken at the frequency and induction in question) 
and plotted against Byax. When such curves are 
plotted for different frequencies (of course below 
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decrease at comparatively low frequencies and 
ultimately reaches quite normal values (10 to 20). 

Further it is seen that in the same frequency range 
where e’ begins to decrease the imaginary part a. 
which determines the dielectric losses and at low 
frequencies is inversely proportional to @, de- 
creases at a slower rate (the product ew begins 
to increase). 

The physical causes of these interesting proper- 
ties, which as a matter of fact can be observed also 
in other semi-conductors, will not be dealt with 
in great detail. It may suffice to say here that they 

can be understood 


Joule /m? cycle ieee 
pati es qualitatively by as- 
Sees suming the materials 
Wot es not to be completely 
1 

homogeneous _ elec- 

trically 7°). 
10 However, atten- 


tion is to be drawn, 


briefly, to one pract- 


ical consequence of 


these properties. 
When a material 
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Fig. 9. Loss per cycle and per m*, Wi, multiplied by j,’, as a function of the induction 


Bmax, for different frequencies. The relationships given here apply for all kinds of Ferroxcube. 


the ferromagnetic resonance frequency) it is found 
that one set of curves suffices for all kinds of Ferrox- 


cube (fig. 9). 


Dielectric properties of the ferrites 


In the introduction it was observed that the 
dielectric properties of the ferrites are rather excep- 
tional. A glance at fig. 10 will make this clear. 
For the expression of the dielectric behaviour 
one preferably uses a complex term for the dielec- 
tric constant: ¢ = e’ — je’, as was done for the 
permeability. From fig. 10, where the relative values 
éy and é,” have been plotted as functions of the 
frequency (¢ Er€y), it appears that at low fre- 
quencies the real part ¢’ of ¢ for Ferroxcube III 
is exceptionally large (about 10°) and decreases 
appreciably only at high frequencies. The value of 
é’ is also large for Ferroxcube IV, but it begins to 


At high values of 
the product e’’@ the 
resistivity @ is low and one would therefore expect 
eddy-current losses to appear. 

Indeed, the high value of ¢’’ for Ferroxcube III 
does result in extra losses, but these are not to be 
regarded simply as eddy-current losses. 

Eddy-current losses are known to become per- 
ceptible as soon as the depth of penetration of 
the magnetic alternating field in the ferromagnetic 
material is of the same order as or less than the 
thickness of the object (skin effect), Assuming 
that ww’ < mw’ and e’ < e’’ the following formula 
may be derived for the penetration depth d: 
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where 4 is the wavelength of the electromagnetic 


(3) 


20) C. G. Koops, Phys. Rev. 83, 121, 1951. 
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Fig. 10. The real and the imaginary parts of the dielectric 
constant, é, and ¢,”, as functions of the frequency, for Ferrox- 


cube IIIB and IVA. 


wave in vacuo. Since it therefore depends upon 
the dimensions of the object at what frequency 
the losses begin to become noticeable, one speaks 
of dimensional absorption. 

Taking a thickness of 1 cm, corresponding roughly 
to what is often used in practice, it can be calculated 
for Ferroxcube III, with the aid of the values of 
mw’ and of @ (and thus of ¢’’) given in table III, that 
the losses in question should become perceptible at 
a frequency of 2.5 Mc/s. Actually, Brockman, 
Dowling and Steneck *!) found that with a thick- 
ness of 1 cm Ferroxcube III shows additional losses 
even at much lower frequencies. 

The explanation for this behaviour given by 
these investigators is that formula (3) does not 
apply here, because the condition «’ < ¢”’ is not 
satisfied for Ferroxcube III in this frequency range. 
Skin effect is entirely absent. It is, however, quite 
possible that in this ease the induction lines in the 
ferromagnetic material deviate from their regular 


*1) F, G. Brockman, P. H. Dowling and W. G. Steneck, 
Phys. Rev. 77,, 85, 1950. : 
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course, this being accompanied by losses. The 
criterion for this is that a length d’, satisfying a 
formula similar to that given in (3), viz: 


7M laa oe 
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, 


is of the same order as or less than the smallest 
dimension of the object. Since d’ is equal, except 
for a numerical factor, to the wavelength of the elec- 
tromagnetic wave in the material, and therefore, 
for the occurrence of these losses, it must bear 
a certain relation to the dimension of the object, 
Brockman, Dowling and Steneck speak of 
For Ferroxcube III the 


value of d’ is found to be approximately equal 


dimensional resonance. 


to 1 em already at a frequency of 1 Mc/s. 

If in a given practical case difficulties are to be 
feared as a consequence of this dimensional reson- 
ance, the simplest solution is to avoid the effect 
entirely by using Ferroxcube IV instead of Ferrox- 
cube III. Not only is the value of 9 much larger 
(e’’ much smaller) than that for Ferroxcube ITI, 
so that eddy-current losses become perceptible 
only at much higher frequencies, but moreover 
the dielectric constant ¢’ is already fairly small 
below 100 ke/s, so that within reasonable frequency 
limits no trouble need be feared from dimensional 
resonance effects. 


Summary. Ferroxcube materials are ferromagnetic oxdic 
materials specially developed for use at high frequencies. 
Their suitability for such applications lies in the fact that owing 
to their high resistivity eddy-current losses donot asarule occur. 

As regards the chemical composition these materials belong 
to the group of ferrites crystallizing with the spinel structure. 
The saturation magnetization of ferrites is closely related to 
their crystallographic structure. According to N é e1 the values 
of the saturation magnetization found experimentally can be 
explained by assuming that an interaction exists between 
magnetic moments on crystallographically non-equivalent 
lattice sites, which tends to give those moments an anti- 
parallel orientation. 

Although eddy-current losses do not usually occur in 
Ferroxcube, residual losses, given by the expression tan 0/w’, 
may under certain conditions be considerable. It is 
therefore highly important to know the behaviour of jp’ 
and tan 0, or of the real and the imaginary parts of the com- 
plex permeability w = pu’ — jy”, for all possible values of 
induction and of frequency. In this paper the behaviour of 
these quantities as a function of frequency is discussed, 
both for very small and for somewhat larger values of the 
induction. Further, the temperature dependence of the ini- 
tial permeability is discussed. The behaviour of the imagin- 
ary part of the initial permeabilily at high frequencies is 
shown to bear a relationship to the ferromagnetic resonance 
absorption; this relationship and the behaviour of the 
permeability in the presence of stronger fields lead to the 
conclusion that the magnetization process in ferrites differs 
from that taking place in metallic ferromagnetic materials. 

Finally attention is drawn to the remarkable dielectric 
properties of ferrites and the extra losses apt to arise therefrom 
(dimensional resonance). 


194. PHILIPS TECHNICAL REVIEW 


FERROXDURE, A CLASS OF NEW PERMANENT MAGNET MATERIALS 


by J. J. WENT*), G. W. RATHENAU, E. W. GORTER and G. W. van OOSTERHOUT. 
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Present permanent magnet materials are in general metallic alloys mostly containing nickel 
or cobalt or both. Ferroxdure, the class of new permanent magnet materials developed in the 
Philips Research Laboratories at Eindhoven consists of oxidic ceramics which do not 
contain any nickel or cobalt. The interesting and typical properties of these materials and some 
applications of Ferroxdure are treated in the three parts of this article. 


I. MOST IMPORTANT PROPERTIES OF FERROXDURE 


Introduction 


Ferromagnetic oxides have been the object of 
extensive research in the Philips Laboratories 
for many years. The reader of this journal has 
had ample opportunity to get informed about one 
class of those materials known by the name of 
stated in 


Ferroxcube. As was 


former publications **) Ferroxcube materials are 


already often 


characterized by possessing a high electric resistivity 
together with a high magnetic permeability. Be- 
cause of the latter property Ferroxcube materials 
belong to the class of the magnetically soft materi- 
als. Ferroxcube is extremely well suited for use in 
high frequency inductances, high frequency trans- 
formers etc. 1) ?). 

During the last two years another class of ferro- 
magnetic oxides has been studied extensively at 
the Philips Research Laboratories at Eindhoven. 
These oxides are magnetically hard, i.e. they can 
be used as materials for permanent magnets. 
The remarkable fact about these oxides is that they 
do not contain any nickel or cobalt, in contradis- 
tinction to most other permanent magnet materials. 
This fact is of great economic importance as these 
two metals are expensive and at present difficult 
to obtain. The representatives of this class of new 
materials have been given the name of Ferrox- 
dure. 


Characteristics of magnetically soft and hard materials 


While magnetically soft materials are mainly characterized 
by their permeability and by the losses they introduce when 
they are placed in an alternating magnetic field, quite different 


*) Now with N.V. K.E.M.A., Arnhem (Netherlands). 

1) J. L. Snoek, Philips techn. Rev. 8, 353, 1946; J. L. 
Snoek, New developments in ferromagnetic materials, 
Elsevier’s Publishing Comp. Amsterdam, New-York 1947; 
J.J. Went and E. W. Gorter, Philips techn. Rev. 13, 
1951 (No. 7). The latter article is in the following quoted 


' as A. 
*) W. Six, shortly to appear in Philips techn. Rev. 


properties are characteristic for magnetically hard materials. 
Therefore, before entering into details we wish to give a very 
short survey of the quantities which are frequently used in 
dealing with magnetically hard materials. This is most con- 
veniently done with the aid of figure Ja*). In this figure the 
magnetization J [47.J]is given as a function of the effective field 
Hj‘). Asis well known, the magnetization of a ferromagnetic 
material is in general not uniquely determined by the effective 
field. This means e.g. that if a ferromagnetic is magnetized 
to its saturation magnetization, and subsequently the effective 
field is brought to zero in a continuous way, a certain magneti- 
zation remains, the remanent magnetization J;. The effective 
field in the direction opposite to the remanent magnetization 
that must be applied in order to reduce the magnetization to 
zero is called the J-coercive field (often also the coercive 
force); it is indicated by the symbol ;H,. In the particular 
case shown in fig. la yH, is of the same order of magnitude as 
Jr [4aJ;]. A similar coercive field, the B-coercive field denoted 
by the symbol gH,, can be defined, which according to a com- 
pletely analogous definition is. necessary to reduce the 


~ 


3) For a more detailed discussion of most quantities see e.g. 
J. J. Went, Philips techn. Rev. 10, 246, 1948. 

4) The effective field is the difference between the external 
field H and the demagnetizing field NJ/u,[N’J] where 
N{N’] is the factor of demagnetization in the direction 
of the field. Unless explicitly stated differently, in the 
following H will be used to denote the effective field. 

Throughout this article formulae are given using the 
rationalized Giorgi system of electromagnetic units (see 
also Philips techn. Rev. 10, 79, 1948). For the convenience 
of those readers who are not (yet) familiar with this 
system, formulae in unrationalized cgs units (Gauss 
system) are given between square brackets. In the figures 
scales for both systems of units are given. ; 

It is to be remembered that in the Giorgi system B 
and J are measured in volt sec/m? or weber/m? (1 Wb/m?= 
= 10000 gauss) and H in ampére/m (1000/4a A/m = 
= 79.6 A/m corresponding to 1 oersted), 

In vacuum B = poH, in which py = 47/10? henry/m. 
Instead of H (in A/m) often the value of 4,H (in Wb/m?) 
is given (44jH = 1 Whb/m? corresponding to 10 000 oersted 
in the cgs system). In a ferromagnetic material the rela- 
tion B = wH holds, in which ~ = prfio3 Ur, the relative 
permeability is a dimensionless number (equal to the num- 
ber indicated by yu in the cgs system). 

The value of BH, which has the dimension of an energy 
per unit volume, is measured in (Vsec/m?) x (A/m) = 
VAsec/m* = joule/m* (1 J/m? corresponding to 126 gauss x 
oersted), 
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magnetic induction B= w,H + J [B = H+ 4J] to zero. In 
fig. 1b a demagnetization curve >) is given for a ferromagnetic 
for which the coercive field is such that Mos [yHe] is much 
smaller than the remanent magnetization J, [4aJr]. It is 
seen that in contradistinction to fig. la, the difference between 
JH. and pH, is very small. As will be pointed out in greater 
detail below, the figures la and 1b are valid for the cases of 
Ferroxdure and “Ticonal” G (a well-known permanent magnet 
material of very high quality °)) respectively. 

Neither the remanent magnetization nor the coercive 
field are the most adequate quantities to describe the quality 
of a permanent magnet material. It has been customary to 
characterize the usefulness of such a material by the maxi- 
mum value (BH)max which the product of the magnetic in- 
duction B and the effective field H can attain on the demagne- 


tO 
-2000__-1000 _O|_oersted 


[| 


Fig. 1. Demagnetization curves for Ferroxdure (a) and 
“Ticonal” G (6). In a, Jr [4Jr] and yH- are of the same order 
of magnitude and thus a large difference between yH, and 
pH, exists. This is not the case in b. 


5) By the demagnetization curve we mean that part of the 
complete magnetization curve which is lying in the upper 
quadrant on the left. 

6) See eg. B. Jonas and H. J. Meerkamp van 

_Embden, Philips techn. Rev. 6, 8, 1941. 
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tization curve. The material with the greatest value of (BH) max 
will be able to create a given field in an air gap of a given mag- 
netic circuit at the cost of the smallest volume of magnetic 
material”). It will be clear that both a large remanent magne- 
tization and a large coercive field are favourable for obtaining 
a large value of (BH) max. 


Survey of the most important properties of Ferrox- 
dure 


The name Ferroxdure denotes a class of sintered, 
oxidic, magnetically hard materials. In this article the 
discussion will be limited to three of these materials. 
Two of these are oxides with compositions BaF e,,0,, 
and BaFe,,0,, respectively. The third material 
is that which at the moment is available on the 
market under the name of Ferroxdure, and from 
now on when speaking simply of Ferroxdure we 
mean this material. It consists mainly of the oxide 
BaFei; O,. _ This 


hexagonal, crystal structure and has one axis of 


oxide has a non-cubic, viz. 
easy magnetization parallel to the hexagonal 
axis (i.e. the crystal anisotropy is uniaxial). 

The uniaxial character is essential for a large 
coercive force in Ferroxdure, just as it was essential 
for the Ferroxcube materials to be composed of 
cubic ferrites for obtaining a low coercive force 
(high permeability). 

The saturation magnetization of Ferroxdure is 
rather low compared e.g. with that of ‘“Ticonal’” G: 
the values at room temperature are about 
0.42 Wh/m? [4200 gauss] and 1.41 Wh/m? [14100 
gauss] respectively. 

In a magnetically hard material consisting of 
crystals with one axis of preferred magnetization 
oriented at random like Ferroxdure, the remanent 
magnetization can in general be shown to be 
half of the saturation magnetization (cf. e.g. the 
article quoted in footnote *)). Thus the value 
of the remanent induction of Ferroxdure at room 
temperature is rather low compared with that 
of “Ticonal’’ G, namely 0.20-0.21 Wh/m? [2000- 
2100 gauss] aud 1.34 Wh/m? [13400 gauss], 
respectively. The coercive force jH,, however, 
is extremely high, namely psHe = 0.2-0.32 
Wh/m? [jH, = 2000-3200 Oe], as compared with 
My JH-= 0.06 Wh/m? [sH-= 600 Oe] for “Ticonal” G. 

In fig. la and 16 the demagnetization curves for 
these two materials are given. The high coercive 
force of Ferroxdure combined with the rather 
low remanent induction causes the large difference 
which is found between jH, and BH,. The value 


7) See eg. A. Th. van Urk, Philips techn. Rev. 5, 29, 
1940. As will be pointed out later, this statement is not 
so strictly true as is suggested here. 
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of (BH)max for Ferroxdure, of about 6800 J/m? 
[0.85 x 10® gauss oersted] is about 6 times lower 
than the (BH)max value for Ticonal G, which is 
up to 45 800 J/m? [5.7 10° gauss Oe]. This does 
not mean, however, as will be pointed out below, 
that the volume of magnetic material needed to 
create a certain field strength in an air gap of 
given volume is 6 times as large as that needed 
when using ““Ticonal” G. Notwithstanding the lar ger 
volume of Ferroxdure needed, this material often 
will offer an economic advantage because it does 
Besides the 


economic advantage of Ferroxdure this material 


not contain critical raw materials. 


offers new technical possibilities, Its very 
high electric resistivity allows it to be used in 
high frequency applications as e.g. in Ferroxcube 
core transformers that need premagnetization, as 
deflection for radar tubes or for the 
adjustment of the temperature coefficient of the per- 
meability of a Ferroxcube core (cf. ?)). Its extremely 


high coercive force and the resultant strong resis- 


magnets 


tance to demagnetization allow a novel approach 
to the design of magnetic circuits, which will be 
discussed in a subsequent paper to be published 
in this journal. Besides the above applications the 
following ones should be mentioned specifically: 
Loudspeaker circuits (see fig. 2), 

Magnets for fixing one object to another, 

Magnets for oil filters, 
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Fig. 2. Two Ferroxdure magnets as used in loudspeaker 
circuits magnetized in the direction of the axis. Note the 
dise-shaped form of the magnets which is most suitable for 
a material with high coercive force and relatively low 
remanence. The upper magnet is lifted by the field of the 
lower one. The external diameter of the rings is 8 cm. 


Magnets for focussing electron beams, 
Electric generators and motors (see also fig. 3), 
Magneto-mechanic couplings. 

The physical background of the various pro- 
perties of Ferroxdure will be discussed in greater 


Fig. 3. Rod-shaped Ferroxdure magnets which have been magnetized normal to a vertical 
face in such a way that on this face alternately north and south poles are formed. The ten 
poles on the specimen at the left and the five poles on the specimen in the centre are made 
visible by iron powder. Due to the low value of the permeability and the high value of the 
coercive force Ferroxdure is specially suited for producing strong alternating poles at a 
small distance from each other without the necessity of using a large extension of the 
specimen parallel to the direction of the magnetization. 


| 
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of this 


complicate the 


detail in part IT 
not to 


order 
treatment more than 
necessary we shall discuss the physical proper- 
ties of the main component of Ferroxdure only 
and of the other oxide already mentioned above, 
with BaFe}'Fej,0.;, the crystal 
structure and physical properties of which are very 
similar to those of BaFe,,0,). By considering also 
this second oxide various measurements and theore- 


article. In 


composition 


tical conclusions obtain additional confirmation. 

In the first section of part II the magnetic 
anisotropy will be treated and it will be shown 
that the most important part is the (magnetic) 


crystal anisotropy, which is extremely high. This 
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large anisotropy in combination with the relatively 
small remanent magnetization accounts for the 
very high coercive force of Ferroxdure which 
will be discussed next. At the end of part IT the 
following points will be discussed consecutively: the 
remanent induction, the demagnetization 
curve and the value of (BH)max, and finally the 
electric resistivity. 

In part III of this article the crystal structure 
of the two oxides BaFe,,0,, and BaFe,,0,, will 
be discussed in greater detail. It will be seen that 
a close relation exists between the crystal structure 
and the value of the saturation magnetization of 


these two oxides. 


Il. PHYSICAL BACKGROUND OF SOME PROPERTIES OF FERROXDURE 


Magnetic anisotropy 


It was already mentioned in the introduction 
that the magnetic anisotropy, i.e. the existence 
of directions of easy or preferred magnetization, 
is of the greatest importance for the value of the 
coercive field. Three different factors contribute 
towards facilitating magnetization in certain pre- 
ferential directions: the (magnetic) crystal ani- 
sotropy, the stress anisotropy and the shape 
anisotropy. As will be shown in greater detail 
below, in the oxides treated in this paper the 
erystal anisotropy is large and can easily be 
measured. As regards the stress anisotropy: in 
A (ef. I, footnote 1)) it was shown that within a small 
region of the material it is proportional to the 
product of the linear magnetostriction constant in 
the direction of stress and the internal or external 
stress. In a sintered aggregate of non-cubic 
erystals large internal stresses may be expected 
due to an anisotropic coefficient of thermal expan- 
sion. The magnetostriction constant of Ferroxdure 
is not zero. Since, however, we have reason to believe 
that it will not greatly exceed 10°, and since it 
is very difficult to make a quantitative estimate of 
the contribution of the stress anisotropy (which in 
fact might be appreciable) to the total anisotropy, 
we will tentatively leave out the stress anisotropy 
from our further discussion: it will be seen below 
that, indeed, all relevant phenomena can be ex- 
plained satisfactorily by taking into account the 
magnetic crystal anisotropy only. 

The shape anisotropy can easily be shown to be 
small compared with the crystal anisotropy because 
of the low value of the saturation magnetization. 


The crystal anisotropy 


For both hexagonal oxides mentioned above, the 
crystal anisotropy was measured on single crystals. 
It was found in both cases that the hexagonal axis 
is the direction of easy magnetization. The so-called 
magnetocrystalline energy density, which describes 
the tendency for a preferential orientation, can be 


written as 
E, = K,sin? O+ K,sintO+... .. (1) 


E, is the energy (per m? [cm®]) necessary to turn the 
magnetization from the easy direction (O = 0) 
over an angle @. The quantities K,, K, are constants, 
the so-called anisotropy constants. For our 
purposes it is sufficient to take into account the 
first term of the series only, so that we have one 
anisotropy constant K,, for which we shall write 


K. Thus formula (1) reads: 
Rose Kei Oeste 


The measurements of the anisotropy constants 
for the two oxides were performed as follows. 

In the case of BaFe,,0., single crystals were 
obtained from the melt, by H. P. J. Wijn and 
Y. Haven of this laboratory, that were large enough 
to allow the measurement of the magnetization cur- 
ves in the direction of the hexagonal axis and along 
different directions perpendicular to it '). The 
hexagonal axis appeared to be the only direction of 
preferred magnetization, as no anisotropy within the 
basal plane could be detected at room temperature. 


1) G.W. Rathenau and J. L. Snoek, Philips Res. Rep. 
1, 239, 1945-746. 
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The field strengths used were not large enough to 
saturate the crystal along the difficult direction. The 
crystal anisotropy was calculated by extrapolating 
the magnetization in the difficult direction to higher 
field strengths and measuring the area between 
the magnetization curves in the easy and difficult 
directions, this area being the work necessary to 
turn the saturation magnetization from the easy 
to the difficult direction of magnetization. 

For BaFe,,0,, no single crystals were available 
with dimensions large enough to allow the measure- 
ment of the magnetization curves to be performed 
in exactly the same way. The following procedure 
was employed. As the basal plane is well developed 
for these oxides, small crystals obtained from 
polycrystalline material could easily be fixed on a 
glass plate in such a way that the hexagonal 
axes were perpendicular to the plate, as was con- 
firmed by X-ray diffraction. From the results of 
the measurements performed on these specimens 
(fig. 1) the anisotropy constant could be calculated”). 
In fig. 2 the values of K for the two oxides are plot- 
ted against temperature. In table I the values of 
K at room temperature for BaFe,.0,, are compared 
with those for some well-known ferromagnetics. 


—r 
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Fig. 1. Magnetic moment per unit mass o as a function of 
a magnetizing field H at room temperature for a single crystal 
of BaFe,,0,9. Curve indicated by ||: H is parallel to the easy 
axis. Curve indicated by |: H is perpendicular to the easy axis. 


Table I. The value of K at room temperature for different 
materials °), 


; K 
Material J/m3 [erg/em?] 
BaFe,.0,, 3 x10 [3 x 108] 
Fe 0.15105 [0.15 x 10°] 
Co pe So oOo [4 x10] 


2) It was assumed that the anisotropy within the basal plane 
may be neglected as in BaFe,,0,,, which seems a reasonable 
assumption, considering the very close resemblance of 
the crystal structures and the experience with other hexa- 
gonal crystals, such as cobalt. 
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Fig. 2. Anisotropy constant K as a function of temperature. 


Another method of measurement is to allow a crystal to 
perform torsional oscillations in a strong magnetic field in 
such a way that the axis of preferred orientation oscillates 
in a plane containing the direction of the magnetic field. By 
varying the field and extrapolating to fields of infinite strength 
the anisotropy constant K as well as the saturation magneti- 
zation can be calculated from the period of the oscillations. 
The results are in approximate agreement with those given 


in fig. 2 4). 


Coercive force 


There are many factors which determine in a 
complicated way the coercive force in the general 
case of a massive ferromagnetic. As Ferroxdure 
is a sintered material consisting of more or less 
small crystals with an extremely high crystal aniso- 
tropy, which have random orientation, a somewhat 
simpler situation may be expected *). In order to 
simplify the argument we shall start with rather 
about the demagnetization 
process and estimate on this basis the coercive 


crude assumptions 
force. After comparison with experiment we shall 
correct our model so as to obtain better agreement 
with reality. It will be seen that the value of the 
coercive force obtained with the aid of the first 
assumptions gives a limit above which the coercive 
force can in no way be raised. 

Consider a ferromagnetic single crystal saturated 
in its easy direction. We now assume that changes 
in magnetization occur only by rotation of the 
magnetization from the easy direction, and ask 
how strong a field in the direction opposite to the 


*) For iron, which has cubic magnetic anisotropy, equations 
(1) and (2) cannot be applied. The quantity K given for 
iron in table I refers to the difference in magnetic energy 
in the [100] and [111] directions respectively. 

‘) These measurements were carried out by J. Smit of this 
laboratory. 

°) It should be noted that a sample of the material as a 
whole is isotropic and that only the small crystals of 
which the sample is composed are anisotropic. 
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magnetization must be to turn the magnetization. 
over an angle of 180°. If the magnetization is turned 


over an angle © from the easy direction, the total 
energy density is: 


E, = K sin?0 — HJ, cos O. 


The equilibrium angle 9, for a given field H is 


found by making E; minimum with respect to O: 


OF, /00 = 0; 
2K sin O cos 0 + HJ, sin O = 0, 


This equation has two solutions. Only the first one, 
being sin O, = 0, corresponds to a stable equili- 
brium. The other one, 


cos 0, = —HJ,/2K, 


describes an unstable equilibrium. From this equation 
it can be seen that the absolute value of the field 
strength necessary to turn the magnetization from 
the first stable position O,=0 over a very small angle 
© (so that cos O 1) is 2K/J;. The field strength 
decreases with of deviation. 
Thus on applying a field 2K/J, the magnetization 
jumps discontiuously in the direction of the field. 
The field strength H = 2K/J, is called the “turn- 
over” field strength. 

In order to find the relation between this turn-over 


increasing angle 


field strength and the coercive force of an actual 
sample of BaFe,,0,,, to which oxide we shall limit 
our discussion, the fact should be taken into account 
that such a sample is composed of many particles, 
the easy axes of which are oriented at random. 

It can be shown that in this case the coercive 


force should lie at about K/J;. In fig. 3 the 
erg/em? 
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Fig. 3. The quantity 2K/J; for BaFe,.0,) as a function of 
temperature. 


quantity 2K/J, is plotted against temperature for 
BaFe,,0,9. It is seen that up to a temperature 
of 250 °C the coercive force estimated on the 
assumption that only rotational processes occur 
lies near poll = 0.75 Wb/m? [H = 7500 Oe]. The 
experimental value of the coercive force, though 
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very high, is appreciably below this value, so that 
our model must be modified as being too simple. 

The reason for the failure of our calculation 
is that we did not take into account the formation 
and the movement of Bloch walls. The stability 
of a Bloch wall within a ferromagnetic particle 
with one direction of preferential magnetization 
depends on several factors ®). Let us assume that 
the particle has been magnetized to saturation. 
Its poles will create a demagnetizing field. By the 
formation of a wall the demagnetization energy can 
be diminished by an amount that is the product 
of a demagnetization factor, which depends on the 
shape of the particle, the square of the intensity of 
magnetization and the volume of the particle. If 
also an external field is applied in the direction 
opposite to the direction of previous magnetization 
the formation of the wall will reduce the energy 
further by an amount which is proportional to the 
intensity of magnetization, to the field strength 
and to the volume of the particle. The energy 
which has to be furnished in order to create the wall 
is determined by the “effective exchange” energy 
(Js?/Jo”)kT., (where T, is the Curie temperature) 
k is Boltzmann’s constant and J, the saturation 
magnetization at zero absolute temperature), which 
tends to keep the magnetic moments aligned 
parallel within the wall’) and by the energy of 
crystalline anisotropy which tends to keep the 
magnetic moments within the wall away from the 
directions of difficult magnetization. Furthermore 
it is proportional to the area of the wall. 

In order to show that in isolated particles of 
BaFe,,0,, in the absence of an external field wall 
formation will occur only at relatively large crystal 
sizes, the critical diameter for wall formation at 
room temperature is given in table II, together with 
the maximum turn-over field strength 2K/J;, 
for the same materials which have been compared 


Table II. The critical diameter d, for wall formation in 
isolated spheres and the turn-over field strength 2K/J;. 


5 d 2uoK/Js [2K /Js] 
piatera) micron in Wh/m? [oersted] 
BaFe,,0;5 45) z3 1.66 [16600] 
Fe 0.028 0.018 [ 180] 
Co 0.24 0.56 [ 5600] 


6) C. Kittel, Rev. Mod. Phys. 21, 541, 1949. 

7) The “effective exchange” energy describes formally 
the tendency for parallel alignment of magnetic moments 
on the same sublattice. This tendency originates from the 
actually existing negative superexchange interaction 
between magnetic moments on different sublattices (cf. 
part III). 


200 


in table I 8). The equation for spheres of diameter 
d, reads roughly ®): 


J? 4a dP | md" 


4-1. _— = Our 
i hea ema tet 
; aa ds md)” 
Hive E . J. Es — 0. 9 
c Te 8 em Ajoache 
from which follows: 
18 dwlo Teee 
CyB ey ao cd amet 


If the expression for the wall energy ow is substi- 
tuted °) one arrives at: 


iTe 
le a] . 8) 
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Here K is the anisotropy constant, and a the mean 


VKy/kT- 
dy = 36.2 Mo | 


distance between neighbouring ions belonging to 
equivalent sublattices (cf. part IIT). 

In the expression (3) for dy only the factor ) K/Js 
is temperature-dependent. It follows from fig. 4, 
which gives this quantity for BaFe,,0,, as a function 
of temperature, that the critical diameter for 
BaFe,,0,, increases with temperature up to a region 
near the Curie point. This behaviour is different from 
that of most traditional materials, for which /K/Js 
decreases with temperature. The increase with 
temperature of d) means that at a given field 
strength in an aggregate of BaFe,,0,, crystals 
a smaller number of Bloch walls will be present 
at higher temperatures and that especially those 
Bloch walls disappear which have the highest 
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Fig. 4. The quantity | K/J; as a function of temperature 
for BaFe,.0j9. 


_ 8) The comparison with iron can be of qualitative value only 
as equations (1) and (2) are strictly speaking not 
applicable to the case of iron, which has a cubic magnetic 
crystal anisotropy. See also note *). 

®) The expression given in reference *) has been altered by 
taking into account that the exchange energy varies with 
temperature as J,?/J,?. 
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energy and can therefore be most easily moved by 
an external field. Considering the mobility of one 
particular Bloch wall in a crystal that is imperfect 
due to inclusions and lattice defects as well as due 
to internal tensions the following must be borne 
in mind. The force driving the wall is proportional to 
the magnetization J; on which the external field 
acts, and the resistance against the movement of 
a wall is due to local variations of the wall energy 


a a 
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70484 

Fig. 5. Coercive force ;H, as a function of temperature. 
The drawn line applies to a very fine-grained sintered speci- 
men of BaFe,,0,,, the broken lines to samples which contain 
larger crystals. In the latter cases the actual values of the 
coercive force are 10 times smaller than is read on the scale. 
The lowest curve was found for a very coarse grained sample 
of Ferroxdure (largest extension of crystals several mm’s). 
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and increases with the energy of anisotropy and 
the intensity of magnetization. It thus follows that 
the mobility of one particular wall in an external 
field depends on temperature as K~" (fig. 2). Ob- 
viously the model of isolated spheres is not strictly 
applicable to Ferroxdure. However, Ferroxdure 
is a sintered material, the density of which is about 
10% below that calculated for the case of the 
absence of pores (X-ray-value) 1°). We believe that 
the interplay of the decrease of the number of 
walls and the increase of the mobility of a particular 
wall with temperature is mainly responsible for 
the maximum in the curve of the coercive force 
JH, vs temperature as shown in fig. 5. 

As to the actual crystal size for which wall 
formation can be avoided and accordingly a high 
coercive force can be obtained, it is seen from table II, 
that the rough calculation arrives at dimensions 
of about one micron. It has been verified experi- 
mentally by grinding a coarse-grained polyerystal- 


%°) Calculated by dividing the weight of the unit cell by its 


volume, (2Wym/Na)/}ca?//3, where c is the cell dimension 
along the c-axis, a is the cell dimension along the a-axis, 
Wy is the molecular weight and Na is Avogadro’s 
number. 
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line sample cf Ferroxdure of approximate compo- 
sition BaFe,,0,, to different grain sizes (cf. table IIT) 
that the coercive force at room temperature in- 
creases rapidly when dimensions of one micron 
are approached. 


Table HI. Coercive force of Ferroxdure for various grain sizes. 


MosHe 


[He] 


| in Wh/m? [Oe] 
polycrystalline specimen; 
crystal diameter > 300 p 0.0050 [50] 
specimen ground; diameter of 
particles about 100 v. 0.0075 [75] 
specimen ground; diameter of 
particles about 3 vu. 


0.1240 


| [1240] 


In sintered specimens of BaFe,,0,, the largest 
coercive forces are obtained in samples which are 
fired in such a way as to avoid as much as possible 
the growth of large crystals. 


Remanence 


The remanent magnetization of a hard magnetic 
material consisting of crystals with one direction 
of easy magnetization oriented at random should 
be one half of the saturation magnetization. This 
has been found to be true for sintered Ferroxdure 
of the approximate composition BaFe,,0,, at tem- 
peratures up to 400°C, as can be seen from fig. 6. 


1000 


500°C 
70014 
Fig. 6. The remanent magnetization J, of sintered Ferroxdure 
of the approximate composition BaF e,,0,, and the saturation 
magnetization J, of BaFe,,0,, of about the same density 
as functions of temperature. Note that the relation Jip dlls 
holds well. 
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The value of the remanent induction B,=J;= 06; 
[B, = 4aJy = 42007] depends on the apparent 
density (0) of the material. (In this formula o; is 
the saturation magnetic moment per unit mass in 


Wb m/kg [gauss cm$/gram] and hence independent 


” 
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of the density.) The X-ray density !) of the mate- 
rial is 5300 kg/m? [5.3 g/cm*] and the highest in- 
duction would be obtained with material having 
this maximum density. This density, however, 
cannot be obtained without the growth of crystals 
appreciably larger than one micron, so that the 
highest remanent induction can only be obtained 
at the cost of a lower coercive force and vice versa. 
Therefore a compromise is sought and the density 


is kept below 5300 kg/m? [5.3 g/cm]. 


We gauss 
sf a2 000 fiat 
0) 1000 
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Fig. 7. Remanent magnetization at room temperature J,’ 


of a sample of Ferroxdure which starting from the remanent 
state at room temperature has been heated to a temperature 
plotted as abscissa and cooled to room temperature again. 


Owing to the very high coercive force at elevated 
temperatures, i.e. the high resistance to demagne- 
tization, the remanent magnetization of a rod of 
Ferroxdure generally returns to its original value 
after heating to temperatures up to 400 °C. Fig. 7 
shows the remanent induction of a rod with demag- 
netization factor N=0.008 [N’=0,1] which was mag- 
netized at room temperature, then heated to the tem- 
perature plotted as abscissa and measured at room 
temperature. During and after the heat treatment it 
was not exposed to a magnetic field except its own 
demagnetizing field. Thus the remanence can be 
varied reversibly by a factor 4 (see fig. 6 and 7) 
by varying the temperature between between 20 °C 
and 4.00 °C. This effect can be utilized in temperature 
measuring and regulating devices, provided the 
demagnetizing factor is not too large. 


Demagnetization curve and value of (BH)max 


Fig. 8 shows the B-H curve for a material with 
fairly large values of the coercive forces JH, and 
BH,. In fig. 9 the remanent induction is plotted 
ds a function of a demagnetizing field which is 
applied and removed before measurement. It is 
seen that demagnetizing fields up to >H = 0.16 
Wh/m? [H = 1600 oersted] do not lower the re- 
manence by more than 1%. As a consequence Fer- 
roxdure magnets can be magnetized outside the 
magnetic circuit in which they are to be used, not- 
withstanding the fact that they are thus exposed to 
stronger demagnetizing fields. 
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The (BH)max values for Ferroxdure lie in the 
range of 6400-7200 J/m3[0.8 x 10%-0.9 x 10° gauss Oe]. 
These values are not large in comparison with 
e.g. those for ‘“Ticonal” G with (BH)max values up 
to 45800 J/m® [5.7x10°® gauss Oe]. However, 
as was already mentioned in part I, the (BH)max 
value should not be used without some reserve as 
a criterion for the volume of permanent magnet 
material necessary to obtain a given field strength 
in an air gap of given volume. This is due to the 
fact that the demagnetizing field caused by an 
air gap (and thus also the stray field) depends on 
the magnetic permeability of the permanent magnet 
material, the demagnetizing field being stronger the 
higher the permeability. As the relative permeability 
of Ferroxdure is only about 1, as against a value of 


— 


H 
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Fig. 8. Magnetization curve (B-H curve) for Ferroxdure. 


about 4 for “Ticonal”, Ferroxdure compares more 
favourably with ““Ticonal” G than is apparent from 
the comparison of the (BH)max values. The work- 
ing point of the material shown in fig. 8 (corre- 
sponding to (BH)max = 6650 J/m® [0.83 x 108 
gauss oersted]) is B = 0.0925 Wh/m? [925 gauss], 
oH = —0.09 Wh/m? [H = —900 Oc]. 

- Owing to the rather low remanent induction 
together with the very high coercive force of 
Ferroxdure, the design of a magnetic circuit with 
this material will be quite different from that for 
traditional materials. The permanent magnet in a 
Ferroxdure circuit has to be disc-shaped (see fig. 2 
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Fig. 9. Remanent induction B,” of a sample of Ferroxdure 
which, starting from the remanent state, has been sub- 
jected to a demagnetizing field H during some time. 


of part I), while in circuits using traditional 
materials generally a more rod-shaped magnet has 
to be used. For certain loudspeaker circuits this 
proved to be no disadvantage, since the loudspeaker 
cone itself has a certain lateral extension. 


Electric resistivity 


The results of measurements of the resistivity 
of Ferroxdure as a function of temperature are 
reproduced in fig. 10 !*). The electric resistivity of 
Ferroxdure can be seen to be very large, larger than 
10® Qm [108 Qem] at room temperature. This can 
be understood from the fact that BaF e,,0,, contains 
only trivalent iron ions !4). 

Ferroxdure will therefore prove to be a very 


1000 70016 
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Fig. 10. The logarithm of the resistivity 9 for Fercoxdure 
of the approximate composition BaFe,,0,, as a function of 
absolute temperature. Plotted is log @ vs 1000/T. 


“) J. H. de Boer and E. J. W. Verwey, Proc. Phys. 
Soc. 49, extra part, 59, 1937. 

1?) The measurements were carried out by J. Smit of this 
laboratory. 
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suitable material for high frequency applications, 
especially in combination with Ferroxcube, e.g. 
in cases where it is desired to subject this 
material to a—polarizing field. One application 
of a polarizing field is that a low or negative 
temperature coefficient of the permeability may thus 
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be obtained (see A and also reference ®) of part I). 
The compound BaFe,,0,,, which contains both 
ferric and ferrous ions, shows a much higher con- 
ductivity than BaFe,,0,5. 
A summary of the properties of Ferroxdure is 
given in table IV. 


Table IV. Some approximate data on Ferroxdure at room temperature. The composition 
of the essential phase is BaFe,,0,,. The material, being a sintered ceramic, is brittle 
and can be ground. 


$108 on 1108 emp a . 


| ac val approx. 4800 kg/em? [approx. 4.8 g/cm*] 
Remanent induction 


approx. 0.205 Whb/m? [approx. 2050 gauss] 
0.24 Wh/m? [approx. 2400 Oc] a 


J-coercive force “pogHe aie 


B-coercive force LeBHe [pH] 


approx. 0.145 Wb/m?2 [approx. 1450 Oe] 


(BH) max 


approx. 6800 J/m3 [approx. 0.85 x 106 gauss Oe] 


Working point 


MoH ~ —0.085 Wh/m? [H » —850 Oc] 


B ~ 0.1 Wh/m? [B ~ 1000 gauss] 


Temperature coefficient of remanent in- 
duction 


—0.2 % per °C 


Temperature coefficient of induction in 
working point 


approx. —0.15 % per °C 


~450 °C 


Curie temperature 


Ill. SATURATION MAGNETIZATION AND CRYSTAL STRUCTURE 


General 


The saturation magnetization is of great interest 
from a practical as well as from a more fundamental 
point of view. Indeed, it has already been mentioned 
that an important quantity like the remanent mag- 
netization is closely related to the saturation mag- 
netization. As regards the theoretical aspects, from 
a study of the saturation magnetization it will be 
possible to get an insight into the mechanism which 
is responsible for the magnetic behaviour of the 
oxides which are dealt with. It will be found that 
this mechanism is completely analogous to that which 
prevails in the Ferroxcube materials, which were 
treated in detail in A (ef. I, *)) (non-compensated 
antiferromagnetism). Because of this analogy 
between Ferroxdure and Ferroxcube we shall start 
with recalling some facts about the latter materials. 

Ferroxcube materials are ferromagnetic oxides 
which chemically belong to the group of cubic 
ferrites, the crystal structure of which is the so- 
called spinel structure. In this structure there are 
two non-equivalent crystallographic positions avail- 
able for the metal ions, the so-called octahedral 
and tetrahedral sites, which form the octahedral 
and tetrahedral sublattices respectively. The inter- 


“ 


ee 


action between two magnetic ions is dependent on 
the kind of sites they occupy. So even if a ferrite 
with only one kind of magnetic ions (situated on 
both sublattices) is considered, one has to distinguish 
between three different interactions, which we shall 
call briefly: tetrahedral - tetrahedral, tetrahedral- 
octahedral and octahedral - octahedral interactions, 
meaning the interaction between a magnetic mo- 
ment on a tetrahedral site with another one on 
a tetrahedral site etc. Néel was the first to point 
out the importance of these three interactions 
and he generalized the existing “‘molecular field“ 
theory of ferromagnetism for the case of these 
different interactions!). From the experimental 
data regarding the values of the saturation mag- 
netization at zero absolute temperature?) and 
regarding the temperature dependence of the para- 
magnetic susceptibility above the Curie point 
1 = IlpigH = je—1 [x = JH = (u—1)/Aa]] Néel 
deduced that a strong tendency exists for anti- 


1) L. Néel, Ann, Physique 3, 137, 1948. 

2) In this part when speaking of the saturation magnetization 
we always mean the saturation magnetization at zero 
absolute temperature. 
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parallel alignment of magnetic moments on neigh- 
bouring non-equivalent sites and a much weaker 
tendency for antiparallel alignment of magnetic 
moments on neighbouring equivalent sites. In 
order to explain roughly the value of the saturation 
magnetization of most of the single ferrites, for 
which the conditions are most simple, it is suffi- 
cient to take into account the predominant nega- 
tive tetrahedral-octahedral interaction only. We 
thus obtain in this simple case for the value of the 
saturation moment M, expressed in Bohr magne- 
tons per molecule the formula: 


Ms; = (Ms) tetr aa (Ms)octs 


where (M5)tetrand (Ms)oct are the sum of all mag- 
netic moments in one “molecule’’, situated on tetra- 
hedral and octahedral sites respectively. From 
this the saturation magnetic moment per unit 
mass in Wb m/kg [gauss cm3/sram], op, is found 
according to the formula: 

Mg wp’, 


Ms upN 
Mptva leo = 7 | = 1) 


99 = Ho Tie 
in which N, is Avogadro’s number, jp is the 
value of the Bohr magneton, viz. 9.27x10-% 
Am? [9.27 x 10-”! erg/gauss] and W,, is the molecular 
weight °). 

We see from the foregoing that Néel’s theory 
is of a formal character in so far as it presupposes 
the existence of the interactions between the mag- 
netic moments on the various lattice sites and ad- 
justs the sign and magnitude of the interactions 
so as to be in accordance with the experiments. 
However, the mere existence of such interactions 
can not be understood in a more or less “elementary” 
way, as these interactions must be fundamentally 
different from the (positive) interaction between 
the magnetic moments in a ferromagnetic metal. 
As is well known, the interaction in these metals, 
the so-called exchange interaction, is of a short 
range nature, i.e. it is negligible between magnetic 
moments which are not on neighbouring sites. 
However, in the ferrites with spinel structure, the 
magnetic ions are always more or less separated 
by large oxygen ions and thus are much too far apart 
to permit of an appreciable direct exchange inter- 
action. Besides this, the exchange interaction is also 
impeded by the shielding effect of the oxygen ions. 


3) Na = 6.025107 molecules per kg molecule, N’a = 
6.025 x 103 molecules per gram molecule. The factor 
/@y may also be suppressed, in which case oy is expressed 
in Am?/kg. The two possibilities correspond to the two 
possible ways of defining a magnetic moment, viz., by 
a “volume moment” my, (energy = m,yH) or by an “area 
moment” ma (energy = maB). 
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Néel already pointed out that a rather intricate 
mechanism, proposed by Kramers‘), might be 
responsible for the above-mentioned interactions 
between two magnetic ions separated by a non- 
magnetic anion. In this mechanism, called super- 


exchange, the anions play an essential role. A 


more quantitative theory based on these ideas 
was given by Anderson’). 
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Fig. 1. The reciprocal of the paramagnetic susceptibility 1/y of 
BaFe,,0,, as a function of temperature. It should be noticed 
that in a normal ferromagnetic above the Curie point this 
curve should be a straight line according to the Curie-Weiss 
law. If a straight line would be drawn tangentially to the 
1/y vs. T curve in the Curie point (1/7 = 0) it is seen that 
1/y is smaller and thus y is larger than if a Curie-Weiss 
law would hold. This may be made plausible by the assumption 
that at the Curie point only the weakest interactions 
lose their ordering influence whereas the stronger inter- 
actions still cause a local ordering of the magnetic moments, 
which is destroyed only at higher temperature. Thus with 
increasing temperature the number of “free” magnetic 
moments increases, by which increase the susceptibility falls 
off more slowly than in a normal ferromagnetic above the 
Curie point. 


Anderson’s theory explains the negative sign 
of the interaction. The theory shows that for given 
distances between the anion O and the first magnetic 
ion Me“) and between the anion and the second 
magnetic ion Me”) the interaction is the larger the 
nearer the angle Me")-O-Me®) is to 180°. The inter- 
action will be smallest if the angle Me)-O-Me® 
is 90°. As regards the dependence of the super- 
exchange interaction on the distances Me")-O, 
O-Me”), it can be said that it will decrease rapidly 
with increasing distances. If the dependence on 
distance is taken into account by neglecting inter- 
actions involving Me-O distances larger than 3 A 
one can estimate the strength of the interaction 
between two magnetic ions from the given angles and 
distances. Thus a useful rule of thumb is obtained. 


4) H. A. Kramers, Physica 1, 182-192, 1934. 


) 
5) P. W. Anderson, Phys. Rev. 79, 705, 1950. 
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The preponderance of the interactions of mag- 
netic moments on non-equivalent lattice sites in 
the ferrites can according to this rule be ascribed 
to the fact that the angle Metetr-O-Meoet is of the 
order of 120°, whereas the angles Metet:-O-Metetr 
and Meoct-O-Megct are of the order of 80° and 90° 
respectively. 

From this it is suggested that also for compounds 
more complex than the ferrites, it should be possible 
to determine very roughly the various interactions 
without an intricate analysis of the experimental 
data, once the crystal structure (and thus the various 
angles and distances) of the compound is known and 
use is made of the above-formulated rule of thumb. 
In this way it is possible to make an estimate of 
the saturation magnetization. 

The value of the saturation magnetization as 
well as the temperature dependence of the magnetic 
susceptibility (fig. 1) of the two oxides to be treated 
in this part of the paper lend strong support 
to the assumption that also in these materials 
there exists a negative super exchange interaction 
between the magnetic ions. 


Crystal structure of BaFe,,0,, 


It was already mentioned that the main compo- 
nent of the permanent magnet material which is 
available at the moment under the name of Ferrox- 
dure is a ferromagnetic phase with hexagonal 
symmetry, the formula of which is BaO.6Fe,0, or 
BaFe,,0,,. It was shown by Adelskéld®) that 
this compound is isomorphous to the mineral mag- 
netoplumbite, which has a composition near to 
Pb(Fe, Mn),,.0,9. The crystal structure of this mineral 
was determined by the same author and is shown in 

fig. 2a (see page 207). The structure given here is 
slightly idealized, i.e. small deviations of the para- 
meters (coordinates of the ions in the unit cell) 
of the iron and oxygen ions from the simple values 
used in this figure have been neglected. The figure 
shows that the oxygen ions form a hexagonal close- 
packed lattice, some sites of which are occupied 
by the Ba-ions. The same argument is valid if 
the Ba-ions are replaced by strontium or lead ions. 
These three ions have ionic radii which do not differ 
appreciably from the radius of an oxygen ion. This 
is shown in the following table. 

The ferric ions are found in the interstices of 
the oxygen lattice, like the metal ions in the spinel 
structure. A closer inspection of the crystal struc- 
ture shows that there are five non-equivalent lattice 


8) V. Adelskéld, Arkiv for Kemi, Mineralogi och Geologi 
_12A, No. 29, 1, 1938. 
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Table I. Ionic radii according to V.M. Goldschmidt. 


ion sds ee 
02- 32 
Ba?+ 1.43 
ee i 1227 
Pb?+ 1.32 


sites for the ferric ions. In order to be able to calcu- 
late the strength of the various interactions from 
experimental data, one would have to generalize 
the molecular field theory of ferromagnetism for 
the case of five sublattices, which would be much 
too complicated. However, if the crystal structure 
is known, we can apply our rule of thumb for the 
strengths of the interactions. In order to facilitate 
comparison. with the spinel structure, which thanks 
to former publications may be more familiar to 
our readers, the spinel lattice has been drawn also 
in a slightly idealized form in fig. 2b, with a ver- 
tical orientation of the [111] direction. 

A comparison shows that in these idealized struc- 
tures a large part of the ionic configuration in the 
BaFe,,0,, lattice is identical with that of the 
spinel lattice, as was already pointed out by Adels- 
k6ld. In the layers between these spinel “blocks” 
the oxygen lattice contains a Ba** ion. In the 
same layer as the Ba’* iona ferric ion (@)) appears 
surrounded in an unusual way by a trigonal bipyra- 
mid of five oxygen ions. 

The ferric ions on octahedrally surrounded sites 
belong to three different crystallographic positions 
(©, | and @) so that together with the te- 
trahedral position (() ) there are five non-equivalent 
crystallographic positions as shown in the fig. 2a. 

With the aid of our rule of thumb based on 
Anderson’s theory we can now assign a direction 
(up or down, at 0 °K) to the magnetic moments of 
the various ions provided that we arbitrarily fix the 
direction of the moment of the ion in the ©) lattice 
(e.g. up). Now both adjacent moments in the 
lattice will point down. The ©)-oxygen- © inter- 
action is namely large, because the angle 
(0)-oxygen- @is large (of the order of 140°), 
whereas the competing ©,-oxygen- © interaction, 
which would tend to orient the -moments 
mutually antiparallel, will be small because the 
angle -oxygen- is near 90° (of the order 
of 80°). Continuing according to this principle we 
obtain the directions of the moments as given 
in fig. 2a. 

Thus for the complete unit cell 16 moments point- 
ing up and 8 pointing down are found i.e. a resultant 
spontaneous magnetization of 16—8 = 8 moments. 
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As each ferric ion has a moment of 5 Bohr magnet- 
ons, for the saturation magnetic moment M, a value 
of 40 Bohr magnetons per unit cell is obtained, 
which according to formula (1) is equivalent to 
6) = 12.5X10° Wh m/kg [100.5 gauss-cm?/g] ”). In 
fig. 3 the measured values of the saturation mo- 
ment are plotted against temperature °). By extra- 
polating this curve towards 0 °K we arrive at 
a value of ~13.75 x 10° Wb m/kg [~110 gauss- 
em?/gr] for the saturation moment at zero tempera- 
ture, which, given the crude assumptions involved 
in our rule of thumb and the uncertainty in the extra- 
polation, is in satisfactory agreement with theory °). 


Wb-m C9Sm 
kg g/em3 
10-10" &0 
| ee 
75°10 60 
540 L . 40 
oN 
2,5:10° 20 
0 bo, 
-200 -100 0 100 200- 300 400 500°C 
70004 
Fig. 3. Saturation magnetic moment o as a function of 
temperature. 


The low value of the remanent magnetization of 
Ferroxdure can now be understood from a more 
fundamental point of view as being due to the 
fact that in this material the magnetic behaviour 
is determined by the tendency for antiparallel 
alignment of the ionic magnetic moments, which 
will always give rise to a rather low saturation mag- 
netization and thus to a low remanent magneti- 
zation. 


Crystal structure of BaFe}' Fej{0., 


The second oxide that will be considered here 
and which also is magnetically hard has a crystal 
structure very similar to that of BaFe,,0,,. 


7) In applying formula (1) it should be taken into account 
that one unit cell of BaFe,,0,, contains two “molecules”. 

8) Since the materials under consideration show an extremely 
large magnetic anisotropy, a very high field strength is 
necessary to measure the saturation magnetization in 
a direction of difficult magnetization. Therefore small 
single crystals were taken, which were measured in the 
direction of easy magnetization. The measurements were 
performed with an apparatus described in reference 1) 
of part II, The error is of the order of two percent. 

®) In making the extrapolation one should take into account 
that according to Nernst’s theorem the slope of the 
magnetization vs. temperature curve has to become zero 
near 0 °K. 
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The chemical composition of this oxide is 
BaO.2Fe0.8Fe,0, or BaFe;'Fejf'0,,. As may be 
seen from fig. 2c the structure of this compound, 
which was determined by P. B. Braun of this 
laboratory 1°), can also be described as consisting 
of spinel “blocks” separated by layers containing 
Ba-ions. These layers are identical with those in the 
structure of BaFe,,0,,. The difference between the 
two structures is that in BaFes'Fe,0,, the spinel 
“blocks” are higher than in BaFe,,0j, (ef. fig. 2a), 
because two “molecules” of Fe'Fes''O, (magnetite) 
are introduced into each block. 

The arrangement perpendicular to the hexagonal 
axis is thereby slightly altered as compared with 
the arrangement of the analogous ions in BaFe,.04p. 
The position of the ferrous ions cannot be deter- 
mined by X-rays, but in order to obey the electro- 
static valency rule 1!) they should be located some- 
where midway between the layers containing ba- 
rium. Assuming a preference for an octahedral 
position like in magnetite, they should be situated 
in Q or ‘S) sublattices, both of which have moments 
pointing up. 

Each Fe’t ion having a moment of 4 Bohr 
magnetons the spontaneous magnetization of this 
oxide obtained with the aid of our rule of thumb 
is (20—12)5+ 4x 4 = 56 Bohr magnetons, or: 
Gy) = 12.4 x 10° Whm/kg [99.6 gauss cm3/g]. 

This 
experimental value 


[85 gauss cm?/g]. 


value should be compared with the 


6) = 10.610 Wh mi/kg 


An illustration of the striking sensibility of the magnetic 
behaviour to changes in the crystal structure and an additional 
confirmation of the usefulness of our rule of thumb can be 
given by considering yet another compound. 
exists with the formula 
K,0.11Fe,0; or KFe,,0,,, which has a crystal structure very 
similar to that of BaFe,,0,)9. This compound, however, is 
non-ferromagnetic, even at very low temperatures. 

The crystal structure, given in fig. 2d, was proved by Adels- 
k6éld to be the same as that of Na,O. 11A1,0,; or Na Al,,0,, 
(the so-called “f-alumina’’), the structure of which was deter- 
mined by Beevers and Ross !°), The lattice is identical with 
that of BakFe,.0,) except for the arrangement in the layer 
containing the large ion i.e. the Ba resp. K ion. In KFe,,0,, 
the ©) position is unoccupied and the three oxygen ions 
present in the BaFe,,0,, structure have been replaced here 
by one oxygen ion situated midway between the ferric ions 
in the @ positions. This slight difference in structure ex- 
plains the large difference in magnetic behaviour. In fact, in 


A potassium compound 


0) The results of this determination will be published in 
greater detail elsewhere. 

1) In a stable ionic structure the valency of each anion is 
exactly or nearly equal, with opposite sign, to the sum 
of the electrostatic bonds to it from the adjacent cations, 

) S apne and M. A. S. Ross, Z. Kristallogr. 97, 
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structure of BaFe,, 


Fig. 2. a) Crystal 


with a vertical orientation of the [111] direction. 


b) Spinel structure, 


II 
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which possesses a mirror plane, is shown). 


Og, (only half of the unit cell, 


III, 
16 


Fe 


d) Crystal structure of KFe,,0,,. 
The large unhatched spheres are the oxygen ions, the large hatched ones are the Ba or K ions. The small spheres are the 


Fe ions: these are hatched in different ways in order to indicate the different crystallographic positions. All the structures are 


c) Crystal structure of BaFe 


alized. In parts of the structures a, c, d the positions of the ions are identical to those in the spinel structure b. 


slightly ide 


are indicated by long brackets. The arrows indicate the direction of the magnetic moment of the ions, the 


Such parts 


being supposed to point upwards. 


direction for one arbitrary ion in each structure 
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©) -oxygen- interactions 
caused the the lattices to be parallel; 
in KFe,,0,,; because the ©) lattice is empty only the 
-oxy gen- interaction has to be considered, and as the 
angle is 180°, this interaction will be strong. The result is 
that the layer containing the K-ion will be a mirror plane 
for the directions of the and the 
resultant moment of each half unit cell will be cancelled by 
that of the other half unit cell. 

The result is an antiferromagnetic behaviour, in accordance 
with experiment. The antiferromagnetic Curie temperature 
may be expected to be very near to the Curie temperature 
of BaFe,,0,,. Experimental indications supporting this 


BaFe,,0,, the predominant 
moments in 


magnetic moments, 


conclusion have been found. 


Summary of parts I, I, Il. The material manufactured at 
present under the name of Ferroxdure is an oxidic ceramic 
material of the approximate composition BaFe,,0,). It is 
a magnetically hard material which does not contain any 
cobalt or nickel and which thus offers great economic ad- 
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vantages. It is characterized by possessing an extremely 
high value of the coercive force and rather low remanence 
and saturation magnetization. The extremely high value of 
the coercive force is due to a large crystal anisotropy. The 
combination of the two properties, large coercive force and 
low saturation magnetization means that the material has 
a large resistance to demagnetization and thus is very well 
suited for applications where a large resistance to demagneti- 
zation is of intportance. In the second place these properties 
open new ways for the design of permanent magnets. The 
(BH) max value of Ferroxdure is rather low. Its specific elec- 
tric resistivity is high so that it is very well suited for 
high frequency applications. 

The low value of the saturation magnetization and of the 
remanent magnetization can be understood to be due to the 
fact that the mechanism which determines the magnetic be- 
haviour of Ferroxdure is non-compensated antiferromagne- 
tism. The strength of the various interactions between the 
magnetic ions can be estimated theoretically if the crystal 
structure is known in detail and if use is made of a rule of 
thumb, based on Anderson’s theory of superexchange 
interaction. In this way the value of the saturation 
magnetization of Ferroxdure can be estimated and it is 
shown that the theoretical value thus obtained does not differ 
much from the value obtained from experiment. 
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